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Abstract 
 
Throughout geological history, the exposure of sedimentary rocks to chemical weathering at 
Earth’s surface has profoundly affected the geochemistry of the atmosphere, rivers and oceans. 
Oxidative weathering reactions can release redox-sensitive trace elements, and the concentration 
and isotope composition of these elements in geological materials may provide an insight into the 
environmental conditions and processes occurring both today and over Earth’s history. To 
constrain how Earth’s geological carbon cycle operates, and the influence it has on global climate 
change, a better understanding of the controls on oxidative weathering is required. The oxidation of 
organic carbon in sedimentary rocks (petrogenic organic carbon, OCpetro) releases carbon dioxide 
(CO2) from long-term storage in the lithosphere, and consumes atmospheric O2. Alongside 
volcanism, the oxidative weathering of OCpetro is the main source of CO2 to the atmosphere over 
millions of years. However, OCpetro oxidation is poorly understood, both in terms of the rate at 
which it releases CO2 and the factors that interact to drive the reaction. Trace metals associated 
with organic matter in rocks, such as rhenium (Re) and molybdenum (Mo), can be released to the 
dissolved load of rivers during oxidative weathering. Quantifying these element fluxes has the 
potential, therefore, to provide insight into the oxidative weathering processes involved. Here, rates 
of OCpetro oxidation rates are quantified in rapidly eroding mountain river catchments in the 
western Southern Alps, New Zealand, and the Mackenzie River Basin, north west Canada. Physical 
erosion is found to be a first order control on the oxidative weathering fluxes, but catchments 
dominated by valley glaciers and exposed to frost-shattering processes experience a further two to 
three times elevation in CO2 emissions relative to catchments with less glacial cover. The oxidative 
weathering processes are also found to fractionate metal isotopes (e.g. Mo) in the Critical Zone, 
which places an important control on the Mo isotope composition of both continental runoff and 
the World’s oceans. 
 
 
 
Keywords: Erosion, weathering, river catchments, petrogenic organic carbon, oxidation, 
redox, rhenium, molybdenum isotopes, carbon cycle, glaciation, global climate 
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1.1 Thesis rationale 
The desire to understand the carbon transfers accompanying weathering and erosion is the primary 
stimulus for this research. Redox sensitive elements offer the potential to facilitate this aim and are 
explored as proxies for quantifying the rates and controls on oxidative weathering reactions in 
mountain ranges, where high rates of erosion expose rocks to chemical weathering. A secondary 
motivation of this work is to better understand the imprint of oxidative weathering on the 
geochemical cycle of Mo and its isotopes, which bears relevance for the use of redox-sensitive 
trace elements as proxies in the rock record.  
 
1.2 Erosion and weathering in Earth’s carbon cycle 
On a multimillion-year time scale, the flux of carbon from the solid Earth through volcanic 
degassing acts as the primary source of carbon dioxide (CO2) to the atmosphere (Marty and 
Tolstikhin, 1998). This process is thought to be responsible for the release of ~100 Mt of carbon 
per year (Berner, 1991). Traditionally, it has been assumed that volcanic CO2 emissions are 
removed during silicate weathering by carbonic acid (Ebelmen, 1845; Gaillardet et al., 1999a) at a 
rate of 140 Mt C yr
-1
 (Gaillardet and Galy, 2008) and via the burial of biospheric organic carbon 
(Berner, 1982; FranceLanord and Derry, 1997) at a pace of 70 Mt C yr
-1
 (Gaillardet and Galy, 
2008) (Figure 1.1). Carbonate weathering by carbonic acid is balanced by carbonate precipitation 
in the oceans at geological time scales and is generally considered to be CO2 neutral over >10
5
 
years.  
Figure 1.1 Earth’s long-term carbon cycle. The Earth hosts distinct carbon reservoirs within the ocean, 
atmosphere, lithosphere and terrestrial biosphere. These carbon reservoirs interact with each other in 
biological, chemical and physical reactions over a range of timescales as part of the carbon cycle. The 
reactions important for understanding long-term (millennial) carbon transfers include organic carbon burial, 
silicate weathering, petrogenic organic carbon oxidation, carbonate weathering by sulfuric acid, volcanism 
and metamorphism. The net sequestration of CO2 by silicate weathering is 70 Mt yr
-1
. Estimates of carbon 
fluxes by petrogenic carbon oxidation are from Petsch (2014); other fluxes are from Gaillardet and Galy 
(2008). Figure is adapted from Gaillardet and Galy (2008).  
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Recent work has re-emphasised the importance of oxidative weathering reactions in the global 
carbon cycle. The oxidation of organic carbon in rocks (petrogenic organic carbon, OCpetro) during 
chemical weathering is estimated to release 40–100 Mt of CO2 to the atmosphere per year (Petsch, 
2014) (Figure 1.1). This is comparable to the flux of carbon sequestered during the weathering of 
silicate minerals, coupled to carbonate precipitation, and the fluxes of carbon from volcanic 
emissions. In addition, the oxidation of sulfide minerals can produce sulfuric acid that weathers 
carbonate minerals and results in transient CO2 release (Calmels et al., 2007; Torres et al., 2014). 
Although the major geological sources and sinks of CO2 (Figure 1.1) are recognised, limited case 
studies exist where they have been measured alongside each other. Nevertheless, the interactions 
and feedbacks between them lay out the foundations for the evolution of Earth’s climate and 
habitability and are critical for life.  
 
In this research, an assessment of the collective impact of erosion and weathering on CO2 fluxes is 
achieved by coupling estimates of OCpetro oxidation derived from this work with existing data on 
the silicate weathering rate, carbonate weathering rate by sulfuric acid and the sedimentary burial 
of biospheric organic carbon. Consequently, the net transfers of carbon between the atmosphere 
and lithospheric storage may be understood (Berner and Caldeira, 1997), and the implications of 
how they potentially act to dampen or amplify Earth’s long-term climate may be evaluated.  
 
1.3 Petrogenic organic carbon oxidation  
Globally, ~1.5 × 10
7
 Gt of carbon is stored in sedimentary rocks as OCpetro (Sigman and Boyle, 
2000). This OCpetro is initially buried in sediments, but becomes structurally and chemically 
transformed during diagenesis and metamorphism and may be later re-exposed at Earth’s surface. 
The majority of this organic carbon occurs in sedimentary rocks in the form of solid-phase, macro-
molecular organic matter termed kerogen (Chang and Berner, 1999; Petsch, 2014). Although 
kerogen can be highly concentrated in some rocks, for example coals can contain >75% organic 
carbon (Dai et al., 2015) and organic-rich black shales can have >5–10 wt. % organic carbon (e.g. 
Jaffe et al., 2002), most organic carbon in sedimentary rocks is present at very low concentrations 
of typically less than 1 wt. % (Berner and Canfield, 1989; Raiswell and Berner, 1986; Ronov, 
1976; Turekian and Wedepohl., 1961). Graphite, a highly condensed polyaromatic mineral, is also 
a form of OCpetro and develops during the metamorphism of organic matter bearing sedimentary 
rocks (Beyssac et al., 2007), but it is generally considered to be resilient to oxidation (Bouchez et 
al., 2010; Galy et al., 2008). Transitional carbon species between kerogen and graphite also form 
during metamorphism, including black carbon, which is a highly condensed material formed during 
incomplete combustion of vegetation over geological history (Petsch, 2014).  
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The reservoir of organic carbon in rocks equates to 25,000 times the total amount of carbon present 
in the pre-industrial atmosphere (Sigman and Boyle, 2000) and ~30,000 times the mass of carbon 
stored in all living matter (Keller and Bacon, 1998). At the global scale, about 1100 Gt are 
estimated to be present in the upper 1 m of the continental surface (Copard et al., 2007), which is 
similar to the stock of biospheric carbon in soils (1576 Gt: Eswaran et al., 1993). The re-exposure 
of OCpetro at Earth’s surface makes it vulnerable to oxidative weathering; a process that acts to 
release CO2 to the atmosphere from long-term (>10
6
 years) storage in the lithosphere. The 
oxidation of OCpetro may be summarized by Equation 1.1 and is considered to be equivalent to the 
respiration of the rock (e.g. Hilton et al., 2014).  
 
Equation 1.1  CH2O   +   O2                 CO2   +   H2O                                                     
 
Oxidative weathering reactions proceed as oxidizing gases and surficial fluids permeate through 
rocks and attack mineral phases (Petsch et al., 2000). A few studies based on soil profiles have 
attempted to determine rates of OCpetro oxidation (e.g. Keller and Bacon, 1998). However, while the 
chemical denudation of silicate rocks has been studied in detail (e.g. Berner and Maasch, 1996; 
Gaillardet et al., 1999b; Walker et al., 1981), quantification of the rate of OCpetro oxidation during 
chemical weathering is limited to only a few river catchments globally, such as in the floodplains 
of the Beni River (Bouchez et al., 2010), the Ganges River (Galy et al., 2008), the Yamuna River 
(Dalai et al., 2002) and within mountain river catchments of Taiwan (Hilton et al., 2014). Other 
studies have tracked the erosion of unweathered OCpetro (Blair et al., 2003; Galy et al., 2015; Hilton 
et al., 2011; Komada et al., 2004). This means there is little constraint on the net exchange of CO2 
with the atmosphere in river catchments that is caused by erosion and weathering.  
 
1.4 Potential controls on oxidative weathering reactions  
Chemical weathering depends upon many interrelated parameters that together set reaction rates 
and fluxes. These include mineralogy (Bluth and Kump, 1994), rainfall and associated runoff 
(Gaillardet et al., 1999), temperature (White and Blum, 1995), pH (Moulton and Berner, 1998), the 
age of the surfaces (Chadwick et al., 1999), the surface area of particles (Chang and Berner, 1999), 
the supply of water and its residence time in the regolith (Maher and Chamberlain, 2014), erosion 
rates (e.g. West et al., 2005), tectonic activity and vegetation cover (Anderson, 2007; Beaulieu et 
al., 2012, 2011; Gislason et al., 2008; Lupker et al., 2013). These factors have mainly received 
attention from the perspective of seeking to understand and quantify silicate weathering. However, 
they are also relevant to the oxidative weathering of organic matter. 
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1.4.1 Oxygen 
The oxygen (O2) concentration in the atmosphere may place constraint on the extent to which 
OCpetro oxidative weathering reactions may be effective. The flux of O2 consumed during the 
weathering of OCpetro is generally set by the organic matter content at depth and the erosion rate 
(Figure 1.2) (Bolton et al., 2006). Deeper oxidative weathering fronts are encouraged by slow 
erosion, and/or low organic matter contents, high air porosity, high atmospheric O2 level and low 
water saturation (Bolton et al., 2006). Other physical properties of soil materials, such as grain size, 
may also be important (Bolton et al., 2006). In regions of rapid erosion, or during periods of low 
atmospheric O2, the diffusion rate of O2 into soils and rates of reaction may lead to O2-dependent 
weathering (Bolton et al., 2006; Lasaga and Ohmoto, 2002).  
 
The role of variable hydrological conditions, such as changes in precipitation or fluctuations in the 
water table, may be important for understanding O2 consumption in the subsurface weathering 
environment (Chang and Berner, 1999), as O2 availability for weathering reactions may be reduced 
in water logged soils. Similarly, in subglacial environments, the O2 rather than the CO2 content of 
waters in the subglacial drainage system can be a major determinant on the chemical weathering 
potential of meltwaters (Tranter et al., 2002).  
 
Figure 1.2 Modelled distributions for oxygen and organic matter in a depth profile subject to an 
erosion rate of 0.5 mm yr
-1
. Soil profiles may experience a rate limitation by organic matter reactivity and 
abundance in well-oxygenated depths of a soil profile and O2 limitation at greater depths. Figure is from 
Bolton et al. (2006).  
 
1.4.2 Mineral supply by physical erosion  
Several studies have alluded to the important link between physical erosion rates and associated 
chemical weathering fluxes (Gaillardet et al., 1999a; Millot et al., 2002; West et al., 2005) (Figure 
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1.3). At low physical erosion rates, a long residence time for the particles in the weathering zone 
leads to a longer contact time between organic matter and oxidising surface waters and an increase 
in the extent, or intensity, of chemical weathering (Dupre et al., 2003). In contrast, in a small 
sample set of granitic and basaltic catchments, Millot et al. (2002) determined that a tenfold 
increase in physical weathering would increase the chemical weathering yield by a factor of 4.6. 
Data from several catchments in New Zealand hosted in the Alpine Schist, a greywacke/argillite, 
indicate that a factor of ten increase in physical erosion will result in an increase in chemical 
erosion rate by a factor of 2.9 (Lyons et al., 2005). In these highly erosive settings, the combination 
of a continuous supply of fresh, easily weatherable mineral surfaces generated by erosion alongside 
copious precipitation in contact with fresh minerals is thought to promote high chemical 
weathering yields (Lyons et al., 2005; Petsch et al., 2000; West et al., 2005). The net large scale 
erosional potential of a landscape should increase with precipitation, drainage area and slope 
(Montgomery et al., 2001). 
  
 
Figure 1.3 Chemical weathering rates for silicate rocks across a range of physical erosion rates in 
global river catchments. Chemical weathering rates are provided by either soil data or solute data (as 
indicated in the key) and given as the Na + Ca + Si ion flux. The physical erosion rate is based on either 
sediment flux data or erosion rate estimates from cosmogenic nuclide accumulation in sediments. Errors are 
±1 SD. Figure is adapted from West et al. (2005). 
 
 
Physical erosion rate has been hypothesised to be a major control specifically on OCpetro oxidation 
rate (Petsch et al., 2000). Models of OCpetro oxidation also predict higher oxidative weathering rates 
as erosion increases (Bolton et al., 2006). This may be particularly relevant in steep mountain 
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catchments that generate large volumes of sediment with a fresh reactive surface area (Hilton et al., 
2014). Data from Taiwanese catchments demonstrate that increases in suspended sediment yield (t 
km
-2
 yr
-1
), a proxy for physical erosion rate, are associated with concomitant increases in OCpetro 
oxidation (Figure 1.4). In mountain belts, deep seated landslides and gully erosion processes may 
entrain older more refractory material derived from deeper soil horizons and sedimentary rocks 
(Leithold et al., 2013) and landslide deposits can provide loci for weathering of this material 
(Emberson et al., 2016). In these rapidly denuding basins, the rate of erosion exceeds the rate at 
which bedrock is converted to regolith, so processes that remove bedrock containing OCpetro 
dominate (Hilton et al., 2008; Hovius et al., 1997). 
   
 
Figure 1.4 Oxidative weathering increases with physical erosion. A. Taiwanese study highlighting 
mountain river catchments as important sites for oxidative weathering reactions (Hilton et al., 2014). Annual 
sediment yields (t km
-2
 yr
-1
) for the catchments provide a means of quantifying physical erosion. The solid 
red line shows the range of physical erosion rates in the Southern Alps (Chapter 3) for comparison. The 
method used to estimate the carbon fluxes by OCpetro oxidation is discussed in section 1.5 ‘Elemental 
Proxies’. B. Photograph of the Copland River, western Southern Alps, New Zealand; a typical steep sided 
catchment experiencing high erosion and runoff rates.  
 
Nevertheless, although weathering is dependent on the supply of fresh minerals when erosion rates 
are low, chemical weathering becomes increasingly kinetically limited as erosion rates increase due 
to the reduced mineral residence times in soil (e.g. White and Brantley, 2003). For silicate 
weathering, the kinetics of mineral dissolution mean that weathering fluxes generally become 
reaction limited at denudation rates above ~100 to 1000 t km
-2
 yr
-1
; typically in high-relief active 
regions (West, 2012; West et al., 2005). At this point, silicate weathering rates are regulated by 
temperature and runoff (Maher and Chamberlain, 2014; West, 2012). This means that locations 
with high weathering rates (e.g. Taiwan, New Zealand, the Himalaya) may be particularly 
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important in determining global carbon cycle feedbacks, despite only contributing a relatively 
small proportion to the total global weathering flux (Milliman and Farnsworth, 2011). During times 
of global warming and amplification of the hydrologic cycle, weathering fluxes will increase 
disproportionately between tectonically active and inactive areas, with high-relief tectonic areas 
having higher chemical weathering fluxes (Maher and Chamberlain, 2014; West, 2012).  
 
By analogy with silicate weathering, OCpetro oxidation may have a heightened response rate to 
kinetic parameters (e.g. temperature, O2 supply) at high erosion rates. The reaction kinetics of 
OCpetro weathering appear to be ~10 times faster than the kinetics of silicate mineral weathering, 
according to the O2 consumption rate of coal organic matter in oxidation experiments (Chang and 
Berner, 1999). This means that the kinetic limitation of weathering reactions may occur at higher 
erosion rates for OCpetro, given the high concentrations of O2 in the present day atmosphere (Bolton 
et al., 2006). Consequently, erosion and associated bedrock weathering of OCpetro in mountain belts 
should have important implications for the long-term evolution of Earth’s carbon cycle and may 
also be important for maintaining climate-stabilizing feedbacks (West, 2012). 
 
1.4.2 Erosion process type (e.g. glaciation) 
Mechanical erosion by temperate glaciers may exceed erosion rates in mountainous fluvial 
catchments by an order of magnitude (Anderson, 2005; Hallet et al., 1996; Herman et al., 2013), 
implying that chemical weathering fluxes may also be higher in glaciated catchments (Anderson, 
2005). Glaciers pluck, abrade and grind material, and frost-cracking processes also disrupt mineral 
lattices. This results in a sediment load characterized by a wide range of grain sizes, and sediment 
yields can be substantially higher than in other environments (Anderson, 2005) (Figure 1.5). The 
high rates of reactive mineral surface area production render these glacial sediments highly 
weatherable.  
 
Previously, increases in silicate weathering have been inferred to have been promoted by glaciation 
(e.g. Riebe et al., 2004; West et al., 2005). The results may be similar for OCpetro oxidation (Figure 
1.6), given that OCpetro weathering is thought to be supply limited (Hilton et al., 2014). In glaciated 
catchments, there are large quantities of fine particles with high reactive surface areas in 
environments with high water availability (Anderson, 2005; Hales and Roering, 2009), which 
should promote rapid oxidation of OCpetro provided that the cold temperature does not limit the 
oxidation rate.  
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Figure 1.5 Erosion rates across different landscapes. Erosion rates were calculated from measurements of 
sediment yield over timescales of 1–10 years. The median of each dataset is indicated by a black bar and the 
mean by a white bar. Figure is from Koppes and Montgomery (2009). 
 
 
Although low temperatures can inhibit silicate mineral weathering (Anderson, 2007, 2005; West et 
al., 2005), high rates of OCpetro oxidation may be sustained by microbially mediated reactions 
(Skidmore et al., 2000; Telling et al., 2015). Previous studies have outlined a role for biological 
activity in driving the solute flux from sub-ice environments (e.g. Wadham et al., 2010) and during 
primary succession on moraine deposits (Bardgett et al., 2007; Tranter et al., 2002; Wadham et al., 
2004). For example, the chemotrophic microbial communities found in the dark conditions that 
pervade subglacial habitats (Boyd et al., 2014) may enhance subglacial sulfide weathering (Bottrell 
and Tranter, 2002; Tranter et al., 2002). Microbes may produce oxidizing agents, such as 
peroxides, which attack the organic structure of rock-bound organic matter (Crawford and Nielsen, 
1995; Faison and Lewis, 1990; Ralph et al., 1996) and facilitate oxidation.  
 
In addition, glaciated catchments have low vegetation and soil cover meaning there is less demand 
for O2 by heterotrophic respiration and the O2 content of surface waters, soil horizons and exposed 
bedrock should be elevated, relative to less glaciated catchments. Limited soil development also 
means there is less protection against oxidation for deep rock-derived carbon (Bardgett et al., 
2007). Consequently, it might be expected that these sites would transfer higher CO2 fluxes to the 
atmosphere for a given physical erosion rate (Figure 1.6). 
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Figure 1.6 Oxidative weathering increases with mountain glaciation. A. Hypothetical relationship 
between physical erosion yield and oxidative weathering of OCpetro as mountain catchments become 
glaciated. Data for the non-glacial catchments (Taiwan) are from Hilton et al. (2014). B. Photograph of the 
Fox glacier and river in the western Southern Alps, New Zealand. The Fox is a typical steep sided glacial 
catchment experiencing high erosion rates and the effects of glaciation. 
 
It is not well understood how changes in Earth’s climate over millions of years might modify the 
major CO2 emission by OCpetro oxidation. However, the low temperatures associated with glacial 
catchments have been hypothesised to contribute to the high sulfide relative to silicate weathering 
fluxes (Torres et al., 2017) and it is likely that OCpetro oxidation may also be enhanced relative to 
silicate weathering. An increase in OCpetro oxidation rates in glacial environments could imply that 
CO2 release will be highest during periods of repeated mountain glaciation over millennia (Herman 
et al., 2013) and provide a mechanism to counter long-term cooling trends in Earth’s climate. The 
connections between glaciation, chemical weathering, and the global carbon cycle could therefore 
steer the evolution of global climate over geological time.  
 
1.5 Elemental proxies for quantifying oxidative weathering of OCpetro 
1.5.1 Tracking carbon 
Early attempts to assess the chemical weathering of OCpetro were made using weathering profiles 
developed on organic carbon-rich black shales. Here, the loss and degradation of organic matter 
during oxidative weathering reactions could be tracked through the percentage decrease in organic 
matter concentration in initial unweathered parent lithology through to surficial highly weathered 
materials (Petsch et al., 2000). The effects of weathering can be clearly visible at the outcrop scale 
(Figure 1.7).  
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In these studies, the extent of weathering was found to be determined by the rate of physical 
erosion and the exposure of the rock to oxidising surface waters, with organic matter type and 
composition playing a smaller role. Pyrite loss was also found to coincide with, or precede, organic 
carbon loss, suggesting that the kinetics of organic matter weathering are no faster than pyrite 
oxidation (Petsch et al., 2000). Consequently, the oxidative weathering of sulfide minerals 
continues deeper into soil profiles, while OCpetro may still be found at concentrations similar to the 
unweathered bedrock (Jaffe et al., 2002). These observations support data from coal weathering 
experiments, where the O2 consumption rate is found to be two to three orders of magnitude lower 
than for pyrite oxidation in water, but still rapid on a geological timescales (Chang and Berner, 
1999). Nevertheless, tracking OCpetro oxidation fluxes at soil profiles presents a significant 
challenge because the volume of material that has been oxidised and the timeframe over which this 
has occurred is difficult to quantify.  
 
 
Figure 1.7 Weathering of OCpetro in outcrop. Field site near Clay City, Kentucky, USA, showing a 
weathering profile developed on New Albany Shale that has been exposed in a roadcut. Unweathered shale 
(left) grades laterally into heavily weathered regolith (right). Evidence for weathering includes changing 
colour, increased fissility and friability, loss of organic carbon and loss of pyrite. Figure is from Petsch et al. 
(2001).  
 
 
Direct capture of CO2 produced in the subsurface may lend further insight into the extent of OCpetro 
oxidation. In this approach, the CO2 derived from OCpetro has to be identified from the CO2 
produced by recent biospheric respiration and the atmosphere because only the oxidation of OCpetro 
represents an input of carbon to the global carbon cycle. This may be achieved using radiocarbon 
4 m 
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measurements (Keller and Bacon, 1998). Applying this approach on a large scale is difficult, 
however, due to the difficulty in trapping the gas produced and the spatial restriction of 
measurements to gas sampling wells. The extent of oxidation in a single soil profile may also not 
be representative at the catchment scale, which makes interpreting the spatial extent of OCpetro 
oxidation challenging. 
 
The oxidation of OCpetro is only just beginning to be addressed in mountain river catchments 
(Bouchez et al., 2014; Galy et al., 2008; Hilton et al., 2014, 2011). In the Himalaya, Raman micro-
spectroscopy and transmission electron microscopy have been used to detect OCpetro in the rivers 
(Ganges-Brahmaputra system) and marine sediments (Bangladesh delta) (Galy et al., 2008). Data 
indicate that up to 70% of the less graphitised forms of carbon may be oxidised during fluvial 
transport. In the Amazon River system, Bouchez et al. (2010) combined Raman micro-
spectroscopy with measurements of particulate organic carbon and 
14
C activity and observed a 
tenfold decrease in OCpetro content between the black shale outcrops  in the Beni River catchment 
and lowland sampling locations; in the Madeira floodplain only ~15% of the OCpetro was preserved. 
The constancy in the absolute OCpetro content measured along depth profiles in this Amazon River 
system suggests that preferential burial of a given size fraction in the floodplain does not affect the 
OCpetro concentration of suspended sediments and that the observed decrease of OCpetro is a 
consequence of its oxidation. Nevertheless, attempting to assess these processes in mountain 
headwaters is challenging, particularly in steep active catchments where rapid physical erosion of 
OCpetro can occur faster than its chemical erosion in the weathering zone (Hilton et al., 2011; Petsch 
et al., 2000). In such instances, suspended sediments in mountain rivers have similar geochemical 
compositions to bedrocks (Hilton et al., 2010) and the radiocarbon content of OC in suspended 
load does not have the resolution necessary to quantify OCpetro loss from the solid phase (Hilton et 
al., 2014).  
 
1.5.2 Rhenium proxy 
Detailed constraints on chemical weathering processes and inorganic carbon fluxes in mountain 
catchments (Calmels et al., 2011; Jacobson and Blum, 2003; West et al., 2005) have previously 
been achieved by tracking the products of chemical weathering that are carried in the dissolved 
load of rivers (Gaillardet et al., 1999a; Meybeck, 1987). Therefore, it is possible that quantifying 
the OCpetro oxidation yield using the dissolved river load may be achieved more easily and 
effectively than methods characterizing the solid products of weathering (Figure 1.8).  
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Figure 1.8 Weathering signals in catchments. A. Soil-rock profile in the Waipaoa catchment, New Zealand 
that has been chemically altered during weathering. B. A typical river catchment that was sampled for river 
bedload material, suspended sediments and the dissolved products of weathering.   
 
The association between organic carbon and redox sensitive metals such as molybdenum (Mo) and 
rhenium (Re) in sedimentary rocks has been documented in both modern and ancient reducing 
sediments, including black shales and sulfides (Dalai et al., 2002; Miller et al., 2011; Peucker-
Ehrenbrink and Hannigan, 2000). Colodner et al. (1993) estimate that ~43% (~36,000 mol) of the 
present annual riverine Re input is sequestered by anoxic marine sediments under mildly reducing 
conditions. The high concentrations of organic carbon, the low pH arising from the oxidation of 
pyritic sulfur, and the predominantly clay mineralogy render black shales susceptible to alteration. 
The oxidation of these sediments releases Re, Mo and other platinum group elements associated 
with the labile organic fraction, and these trace elements become mobile in near-surface 
environments (Jaffe et al., 2002).  
 
The trace element rhenium (Re) holds strong potential as a proxy for tracking OCpetro oxidation 
during weathering (Dalai et al., 2002; Jaffe et al., 2002) as a result its association with OCpetro in 
rocks and its redox-dependent solubility (Dalai et al., 2002; Hilton et al., 2014; Jaffe et al., 2002; 
Petsch, 2014). Weathering studies from soils on OC-rich rocks have showed that Re loss tracks 
OCpetro loss (Jaffe et al., 2002) (Figure 1.9). As sedimentary rocks are re-exposed at Earth’s surface, 
for example by erosion and exhumation during orogenesis (e.g. Hilton et al., 2011), oxidising gases 
and fluids permeate through the rocks, degrading organic matter and converting it to CO2. At the 
same time, Re is oxidised and becomes mobile. In oxygenated waters (Eh > 0V), with pH values 
between 5.5 and 9.5, Re is dominantly present as the soluble perrhenate oxyanion (ReO4
−
) 
(Brookins, 1986).  
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Figure 1.9 Oxidative weathering of OCpetro on hillslopes and the relationship between OCpetro and Re 
upon oxidation. A. Soil profile in the Waipaoa catchment in North Island, New Zealand. The changing 
colour in the soil profile reflects a loss of carbon closer to the surface. B. Data on carbon concentrations with 
depth indicate a loss of carbon occurs close to surface in soil profiles. Data are from Jaffe et al. (2002) for the 
Ohio Shale. C. Loss of Re across the same profile as in B. (Jaffe et al., 2002).  
 
Rhenium is not thought to be cycled through the modern terrestrial biosphere (cf. Mo: see section 
1.6). Consequently, the mobilized ReO4
-
 enters the hydrological network (Brookins, 1986; 
Colodner et al., 1993; Miller et al., 2011) and may be detected in the dissolved river load (Figure 
1.10). The degree of mobility is a reflection of the oxidation potential in the soil, the redox-state of 
the ground water and the amount of organic matter present (Hilton et al., 2014). Rivers integrate 
chemical reactions and hydrological sources across the landscape (Gaillardet et al., 1999). As a 
result, the dissolved Re flux can be considered to result from the oxidative weathering reactions 
occurring upstream (Dalai et al., 2002). Recent Re data from Taiwan highlight the oxidative 
weathering of petrogenic organic carbon as a potentially important source of CO2 in mountain belts 
(Hilton et al., 2014). Expanding on this previous work, which has established the close affinity of 
Re and OCpetro in sedimentary rocks and their coupled behaviour during oxidative weathering, this 
research aims to examine the transfer of Re in river catchments with high erosion rates with a view 
to better constraining the main controls on OCpetro oxidation (Chapters 3 and 4). 
 
CHAPTER 1 │ Introduction 
 
15 
 
 
Figure 1.10 Oxidative weathering of OCpetro in a mountain belt. Oxidising gases and fluids percolate 
through soils and rocks and react with Re-bearing OCpetro. Carbon dioxide is released to the atmosphere and 
the Re is oxidised to the ReO4
-
 anion, which may be detected within the dissolved products of weathering 
(e.g. Jaffe et al., 2002; Petsch et al., 2000; Pierson-Wickmann et al., 2002). 
 
The dissolved Re abundance in river water is generally very low, with reported global values 
falling between 0.72 and 164 pmol L
-1
 (Miller et al., 2011). As a result, in this research two 
techniques for measuring low-concentration Re in the waters are explored. First, a direct 
calibration of Re concentrations in the water samples against ICP-MS Re standards. Second, a 
chemical separation and purification method (anion exchange column chemistry) is used in 
conjunction with isotope dilution. We discuss the two techniques and compare the Re river water 
data quantified by each, in order to assess the reliability and validity of the different methods 
(Chapter 2).  
 
By combining measurements on dissolved river Re concentrations with water discharge from 
gauged rivers it is possible to calculate a dissolved Re flux in mountain river catchments. This flux 
may be a proxy that will provide constraint on the OCpetro oxidation rate and the associated CO2 
release across a range of mountain belts. OCpetro oxidation rates (JCO2) may be quantified from the 
dissolved Re flux (JRe), provided the Re to OCpetro ratio ([OCpetro]BM/[Re]BM) of the rocks that have 
undergone weathering is known (Equation 1.2). This is the approach that is used by Hilton et al. 
(2014).  
 
Equation 1.2  JCO2 = JRe × ([OCpetro]BM/[Re]BM)   
 
However, other mineral phases may supply Re to the dissolved load, such as sulfides and silicates, 
and it is possible to improve estimates of OCpetro oxidation by accounting for the proportion of Re 
derived from OCpetro versus silicate and silicate minerals (Dalai et al., 2002) and any differences in 
the relative mobility of Re and OCpetro in the weathering zone. These two factors are accounted for 
by the term fC in Equation 1.3. 
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Equation 1.3  JCO2 = JRe × ([OCpetro]BM/[Re]BM) × fC 
 
Further improvements to OCpetro oxidation estimates may be achieved by considering the 
uncertainty in the fraction of OCpetro which may not be susceptible to oxidation (fgraphite) (Galy et al., 
2008) (Equation 1.4). 
. 
Equation 1.4  JCO2 = JRe × ([OCpetro]BM/[Re]BM) × fC × (1 – fgraphite)   
 
 
1.6 Oxidative weathering and the geochemical cycle of molybdenum 
The oxidative weathering of sedimentary rocks can release redox-sensitive trace elements whose 
isotope composition lends insight into the environmental conditions and/or processes occurring 
both today and over Earth’s history. Molybdenum isotopes may be applied to investigate the 
weathering and redox reactions that initiated marine and atmospheric oxygenation (e.g. Duan et al., 
2010; Voegelin et al., 2010; Wille et al., 2007), drive modern and ancient biological processes (e.g. 
Boyd et al., 2011; Zerkle et al., 2011) and set the chemical composition of rivers and the oceans 
(e.g. Archer and Vance, 2008; Pearce et al., 2010a; Voegelin et al., 2012).  
 
There are three major sinks of Mo from the ocean that may be defined according to environmental 
conditions: well-oxygenated settings, sulfidic sediments overlain by weakly oxygenated bottom 
waters, and euxinic settings characterized by the presence of hydrogen sulfide (H2S) in the water 
column (Figure 1.11) (Kendall et al., 2017). The extent of fractionation of Mo isotopes 
accompanying Mo removal can be considered to be a function of the local redox state in the 
depositional environment. The well-oxygenated setting is characterised by the largest Mo isotope 
fractionations. Under oxidising conditions Mo is present in solution as the stable molybdate ion, 
MoO4
2-
. In this form, Mo is slowly removed from the water column through uptake into 
ferromanganese phases, which preferentially incorporate isotopically light Mo (Barling et al., 2001; 
Barling and Anbar, 2004; Goldberg et al., 2009; Miller et al., 2011; Wasylenki et al., 2011). As a 
result of this fractionation, the modern oceans are the heaviest Mo reservoir on Earth (Kendall et 
al., 2017).  
 
In contrast, Mo is readily removed from solution in anoxic-sulfidic waters with very little net 
isotope fractionation. In the presence of reduced sulfur, Mo forms oxothiomolybdate ions, 
[MoO4-xSx]
2-
, which are highly particle-reactive and thus rapidly removed from solution (e.g. 
Barling et al., 2001). In the deep waters of restricted euxinic basins, the reaction of Mo with H2S in 
anoxic aqueous solutions to form thiomolybate results in little or no offset between sediments and 
Mo source (seawater) as Mo is quantitatively scavenged from solution (Dahl et al., 2010; Nägler et 
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al., 2011; Neubert et al., 2008; Noordmann et al., 2015). Therefore, in the most reducing conditions 
organic rich sediments can directly capture the seawater Mo isotope composition. 
 
Molybdenum isotope variability amongst marine sediments in the geological record can provide 
important constraints on palaeo-redox states and may be used to estimate the spatial extent of past 
oceanic euxinia and the extent of atmosphere–ocean oxygenation (e.g. Arnold et al., 2004; Barling 
et al., 2001; Dahl et al., 2011; Dickson et al., 2012; Kendall et al., 2011, 2009, Pearce et al., 2010b, 
2008; Siebert et al., 2003). However, the use of Mo isotopes as a palaeo-redox proxy in marine 
sediments requires quantification of the controls on the isotope composition of Mo inputs to the 
ocean. Oceanic Mo input is dominated by river supply, with only a small (~5–10%) contribution 
from low temperature hydrothermal systems (McManus et al., 2002; Miller et al., 2011; Reinhard 
et al., 2013; Wheat et al., 2002) and a negligible input from dust and aerosols (Morford and 
Emerson, 1999) (Figure 1.10). The Mo isotope composition is reported as shown in Equation 1.5 
 
Equation 1.5    !"/!#Mo$%&'() *= ** +, .
-0/-123456789
.-0/-123:;<>?@A@B*C D EF *× EGGG 
 
where the δ98/95Mo of the NIST 3134 standard = 0‰. Variability in the Mo isotope composition of 
rivers is large (Archer and Vance, 2008), ranging from -0.1 to 2.15‰ (Archer and Vance, 2008; 
Neubert et al., 2011; Pearce et al., 2010a; Voegelin et al., 2012; Wang et al., 2015). It is thought 
that this variability may be linked to the highly redox sensitive behaviour of Mo and may reflect 
fractionation occurring during weathering and mobilisation of Mo (Archer and Vance, 2008; 
Pearce et al., 2010a). In addition, the composition of rocks undergoing weathering may be 
important (Neubert et al., 2011).  
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Figure 1.11 Molybdenum isotope fluxes in the environment. Molybdenum fluxes are in 10
8
 mol yr
-1
 
(Miller et al., 2011; Reinhard et al., 2013; Scott et al., 2008; Wheat et al., 2002). Molybdenum isotope 
composition (δ98/95Mo) of waters and sediments are reported relative to NIST 3134 ‰ (Archer and Vance, 
2008; Arnold et al., 2004; Barling et al., 2001; Brucker et al., 2009; McManus et al., 2002; Nägler et al., 
2011; Nakagawa et al., 2012; Neubert et al., 2011; Neubert et al., 2008; Pearce et al., 2010a; Poulson et al., 
2006; Siebert et al., 2015, 2003). Figure is adapted from Kendall et al. (2017). 
 
Catchment lithology may exert some control on Mo river chemistry via the incongruent dissolution 
of easily oxidised phases, such as sulfide minerals and organic matter. These mineral phases 
typically have higher Mo isotope values than crustal silicate minerals (Neubert et al., 2011; 
Voegelin et al., 2012) and crustal sulfide minerals and organic rich mudrocks are thought to be the 
major host phases of Mo in Earth’s crust (Kendall et al., 2017). Organic rich mudrocks are 
characterised by a range in δ98/95Mo from -1.55 to 2.25‰ (Kendall et al., 2017).  
 
In addition, both abiotic and biotic processes operating in river catchments have the potential to 
fractionate Mo isotopes. Molybdenum may undergo isotope fractionation during adsorption onto 
particles, such as (oxyhydr)oxides in soils, during river transport or during trapping of Mo by 
organic matter (e.g. Siebert et al., 2015). A large Mo isotope fractionation is thought to occur 
during Mo adsorption onto Mn oxides in oxic water (Kendall et al., 2017). Molybdenum is also 
fractionated during adsorption onto Fe oxides and oxyhydroxides, including magnetite, 
ferrihydrite, goethite and haematite; light Mo isotopes are preferentially removed from solution 
(Arnold et al., 2004; Goldberg et al., 2009). Biochemical pathways for Mo uptake and utilisation 
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are linked to the cycling of nitrogen in ecosystems (e.g. Boyd et al., 2011). For example, Mo 
assimilation by the nitrogen-fixing bacterium, A. Vinelandii, is associated with the preferential 
incorporation of light Mo isotopes (Liermann et al., 2005; Wasylenki et al., 2007). This isotope 
fractionation may arise through several mechanisms: i) kinetic effects associated with irreversible 
Mo transport; ii) coordination changes during incomplete uptake or release from a chelating ligand 
or Mo transporter protein; or iii) sorption of Mo onto the cell surface (Liermann et al., 2005; 
Wasylenki et al., 2007). Fractionation may be particularly apparent during nitrogen fixation (cf. 
bacterial growth) because less Mo is bound to storage proteins in times of high Mo demand (Zerkle 
et al., 2011). Altogether, it is clear we require a better understanding of the factors setting the Mo 
isotope composition of continental runoff. Refinements in our understanding of the modern oceanic 
Mo isotope budget, including the significance of biological Mo isotope fractionation and Mo 
isotope behaviour in association with chemical weathering in river catchments, will improve the 
use of Mo isotopes as a palaeoredox proxy.  
 
1.7 Thesis Synopsis 
Chapter 2 outlines the geochemical methods used to track and quantify the weathering reactions 
and processes operating in river catchments in New Zealand, Canada and Iceland. Specific 
information on the developments of analytical techniques used for the acquisition of data presented 
in subsequent chapters is detailed. These include various approaches to measure Re concentration 
in a range of geological materials, the development of the Mo double spike method, and the long-
term reproducibility of these measurements.  
 
Chapter 3 explores how OCpetro oxidation rates vary across the western Southern Alps in river 
catchments where physical erosion and lithology are relatively constant, but differences in the 
extent of glacial coverage are apparent. This chapter attempts to answer the question of whether 
glacial erosion processes increase oxidative weathering reactions relative to fluvial systems and, 
consequently, if there could be an enhanced CO2 flux from geological storage during periods of 
glaciation that serves as a negative feedback on climate change. The net geological carbon budget 
of several catchments with varying extents of glacial cover is closed with the addition of data on 
the rate of OCpetro oxidation from the Re proxy. The potential for a global link between glaciation 
and OCpetro oxidation is investigated using published data compiled from global catchments.  
 
A version of this chapter has been published in Science Advances: ‘Mountain glaciation drives 
rapid oxidation of rock-bound organic carbon’, co-authored by Robert Hilton, David Selby, Chris 
Ottley, Darren Gröcke, Murray Hicks and Kevin Burton.
 
I helped to design the study alongside 
Robert Hilton and Kevin Burton. I collected the samples used in this work with field assistance 
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from Scott Hawley and supervision from Robert Hilton. The geochemical analyses were performed 
under the supervision of David Selby, Robert Hilton and Chris Ottley. The data were interpreted 
with Robert Hilton, David Selby and Kevin Burton. Darren Gröcke assisted with organic carbon 
analyses. Murray Hicks provided hydrological data. The paper manuscript was written with Robert 
Hilton and had input from David Selby and Kevin Burton.  
 
Chapter 4 focuses on constraining the OCpetro oxidation rate in the Liard, Peel, Arctic Red and 
Mackenzie River catchments nested within the Mackenzie River Basin, north west Canada, using 
Re abundance measurements on a comprehensive set of samples collected from 2009 to 2013. A 
comparison across these river catchments allows for an assessment of the effects of differing 
source minerals, sites of weathering and physical erosion on weathering rates. In addition, the 
distribution of OCpetro across the study areas varies from 0.2–0.6 wt. %, allowing the impact of 
lithology on carbon fluxes by oxidative weathering to be considered. For the Mackenzie, Liard, 
Arctic Red and Peel river catchments, OCpetro oxidation is estimated using Re fluxes and an 
estimate of the Re/OC composition of the rock being weathered. The estimates of dissolved Re flux 
provide some insight on the major controls on OCpetro oxidation and allow an estimate of the 
associated CO2 release to be calculated. Consequently, it is possible to better assess the impact of 
orogenesis on the carbon cycle. For the Mackenzie River catchment, the geological carbon budget 
during weathering and erosion can be closed by combining the estimates of OCpetro oxidation with 
published data on silicate and carbonate weathering rates and organic carbon burial.  
 
This chapter is intended for submission to Earth and Planetary Science Letters: ‘The geological 
carbon budget of the Mackenzie River Basin’ co-authored by Robert Hilton, Mathieu Dellinger, 
David Selby, Valier Galy, Jérôme Gaillardet, Damien Calmels, Ed Tipper, Chris Ottley and Kevin 
Burton. The research project and goals were devised by myself with guidance from Robert Hilton. 
The samples were collected by Robert Hilton, Mathieu Dellinger, Valier Galy, Damien Calmels, 
Jérôme Gaillardet and Ed Tipper. The analytical work was carried out under the supervision of 
David Selby and Chris Ottley. The data were primarily evaluated with Robert Hilton. Co-authors 
assisted with editorial advice and aided the critical scientific evaluation of the data. 
 
Chapter 5 applies the δ98Mo system to mountain river catchments draining the Southern Alps, New 
Zealand; the Mackenzie River Basin and the Yukon, Canada; and the Skaftá River, Iceland. This 
allows new insight to be gained into the role that redox reactions play in supplying Mo to rivers 
and the ocean. The impact of contrasting lithology and differing erosion processes (glacial versus 
non-glacial) on dissolved δ98Mo variability are considered. The extent of Mo isotope fractionation 
amongst the dissolved and solid sediment fractions, including weathered colluvium and litter 
samples from hillslopes, allows the significance of redox reactions, adsorption of Mo onto 
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oxy(hydroxide) particles and biological activity in sequestering and fractionating dissolved Mo to 
interpreted. The fractionation imparted by these processes is considered in the context of 
experimental data. 
 
This chapter is intended for submission to Geochimica et Cosmochimica Acta: ‘Controls on the 
molybdenum isotope fractionation during weathering and erosion in mountain river catchments’, 
co-authored by Robert Hilton, Alex McCoy-West, David Selby, Chris Ottley & Kevin Burton. The 
samples from New Zealand were collected with Scott Hawley and Robert Hilton. Samples from 
Iceland were collected with Scott Hawley. Samples from Canada were collected by Robert Hilton, 
Mathieu Dellinger, Valier Galy, Damien Calmels, Jérôme Gaillardet and Ed Tipper. The aims of 
this study were devised alongside Kevin Burton and Robert Hilton. The geochemical analyses were 
achieved under the supervision of Alex McCoy-West, David Selby and Chris Ottley. The data were 
interpreted with Robert Hilton and Kevin Burton. 
 
Chapter 6 concludes the main findings of this thesis and highlights the directions for future work 
that could arise from this research.  
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Chapter 2 
 
 
Geochemical Methods  
 
 
 
 
Sampling the Jollie River, eastern Southern Alps, New Zealand; October 2014 
 
 
 
 
Summary: This chapter summarises the geochemical methods and developments in 
analytical techniques that facilitated the use of geochemical proxies in Chapters 3–5.  
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Abstract 
Geochemical analyses are essential to gaining a better understanding of how Earth surface 
processes impact on the cycling of elements (carbon, nutrients and metals) in the Critical Zone, 
from the atmosphere through to the hydrosphere and biosphere. In this research, specific elements 
were targeted in the dissolved products of chemical weathering and the solid products of erosion 
found in river waters, alongside the solid weathering materials found in soil horizons or transported 
amongst river suspended load and river bed materials. Relevant data derived from such materials 
include trace element concentrations (molybdenum, rhenium) acquired by Quadrupole – 
Inductively Coupled Plasma Mass Spectrometry (Q-ICP-MS, Thermo Scientific X-Series), 
molybdenum isotope compositions measured by Multiple Collector – Inductively Coupled Plasma 
Mass Spectrometry (MC-ICPMS, Thermo Neptune), major ion concentrations determined by Ion 
Chromatography (IC), total organic carbon and stable isotopes collected by Elemental Analyser – 
Isotope Ratio Mass Spectrometry (EA-IRMS, Thermo Scientific Delta V Advantage) and 
radiocarbon contents measured by Accelerator Mass Spectrometry (AMS). This chapter 
summarises the methods and developments in laboratory techniques that facilitated the acquisition 
of these data. Information regarding the development and refinement of chemical purification 
techniques for elemental and isotope analysis, including column design and calibration, the 
dissolution of materials for elemental and isotope analysis, double spike design and calibration, and 
isotope dilution techniques is provided. This includes a comparison of Re concentration data from 
river waters quantified by isotope dilution versus direct calibration techniques. Analytical 
uncertainties and the robustness of the data, including data reproducibility and precision from 
standard and sample replicates, are also considered.  
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2.1 Introduction 
There have been considerable advances in Inductively Coupled Plasma Mass Spectrometer (ICP-
MS) technology since the first measurements on river waters were made over two decades ago (e.g. 
Balaram, 1995; Gaillardet et al., 2003; Laborda et al., 2016; Misra et al., 2014; Wysocka and 
Vassileva, 2017). This has made it feasible to apply different methods to quantify trace element 
concentrations and isotope compositions, depending on the required measurement precision, the 
demands on sample mass, the available sample processing time, and the consideration of laboratory 
procedural blanks. In this thesis, geochemical method development has focussed on achieving 
accurate and precise rhenium (Re) and molybdenum (Mo) concentration data and Mo isotope 
measurements in a range of geological samples, with particular focus on river waters. 
 
Dissolved Re concentrations in river water ([Re]diss) are presented in Chapters 3–5. Previous work 
has established that [Re]diss in natural river waters is low and typically in the range of 4.7 ± 0.2 
pmol L
−1
 to 25.4 ± 1.2 pmol L
−1 
(or 0.88 to 4.73 pg g
-1
) (Colodner et al., 1993a; Dalai et al., 2002; 
Hilton et al., 2014; Miller et al., 2011; Rahaman et al., 2012). The approach with the shortest 
sample processing time, lowest laboratory blank contribution and smallest sample volume required, 
is the direct measurement of [Re]diss by a Quadrupole – Inductively Coupled Mass Spectrometer 
(Q-ICP-MS) or High Resolution – ICP-MS (HR-ICP-MS). Depending on the instrumentation and 
tuning, it can be possible to resolve [Re]diss precisely at the pg g
-1
 level. The challenge with direct 
measurements, however, is the use of appropriate internal and external standards for re-calibration, 
and the instrument background to sample measurement ratio. Standard addition Q-ICP-MS is a 
refinement on the direct calibration method and although it increases sample demand, it can attain a 
high precision for a small sample volume (Hilton et al., 2014). Alternative methods include the use 
of anion exchange column chemistry to pre-concentrate Re by removing the bulk of the sample 
matrix (e.g. Pearce et al., 2009) and quantifying the column yield can allow for accurate sub-pg g
-1
 
[Re]diss measurements (Hilton et al., 2014).  
 
Isotope dilution (ID) ICP-MS is an approach that has been widely used to determine Re 
concentration in solid materials (e.g. Cumming et al., 2014; Selby and Creaser, 2003) and it is also 
possible to use it for water analysis (Miller et al., 2011; Pearce et al., 2009). Typically, a 
185
Re 
enriched spike is added to a sample prior to column chemistry and the isotope ratio of the sample is 
then measured by an ICP-MS or a Thermal Ionization Mass Spectrometer (TIMS). This approach 
has several benefits: i) it allows an internal blank correction; ii) it does not require a 100% column 
yield; and iii) a higher analytical precision can be achieved, compared to a direct calibration 
approach. However, this method does require a greater sample mass.  
 
CHAPTER 2 │ Methodology 
31 
 
In addition to Re, a trace element studied in detail in this research is molybdenum (Mo). 
Molybdenum concentrations and isotope ratios in a range of geological materials are presented in 
Chapter 5. In river waters, Mo concentrations are typically higher than Re (e.g. major global rivers 
have [Mo]diss values of 0.45–59 nmol L-1 cf. [Re]diss values of 1.14–74 pmol L-1 in those same 
rivers; Miller et al., 2011). Therefore, although the general considerations described above for Re 
do also apply, there are not the same analytical challenges. In this research, focus is placed on 
accurately measuring the Mo isotope composition in a range of water samples and sediments 
collected from river catchments in New Zealand, Iceland and Canada. The measurement of Mo 
isotope ratios has become more routine over the last decade (Kendell et al., 2017), but there are still 
challenges with regard to the double spike methodology and reporting of data, which are outlined 
in this chapter.  
 
The purpose of this chapter is to summarise the major methodological development steps taken 
during this research. Measurements of internal and external standards are provided to demonstrate 
precision and accuracy. For details on the selection of field sites and the specific sampling strategy 
and protocol required for collecting and processing river water, soil, suspended sediment and soils 
in Iceland, Canada and New Zealand in the field, readers are referred to Chapters 3–5.  
 
2.2 Direct calibration method for quantifying Re concentration 
2.2.1 Overview 
In this research, the direct calibration method was employed as a starting point to examine the 
general variability in [Re]diss between samples from a single location and amongst different 
localities. All river water samples were subsequently reanalysed by Isotope Dilution (ID) ICP-MS 
if enough sample was available (see section 2.3). However, the direct approach can yield precise 
and accurate data, so a full summary of the methods is provided here.  
 
For the direct calibration method, several standard solutions with known concentrations are 
prepared, which cover the range of concentrations expected in sample solutions. Here, a stock of 
synthetic standard with [Re]diss = 1000 µg g
-1
 (ICP-MS tuning solution: Romil Cambridge 3%) was 
diluted and prepared in HNO3 (Teflon double distilled) and deionised H2O (18 mW) for 
introduction to the Q-ICP-MS (Thermo Fisher Scientific X-Series II). According to previous data 
on [Re]diss and [Mo]diss in river waters (Miller et al., 2011), a typical standard concentration range 
required for the analysis of Re and Mo concentrations in water samples will cover the range 0–50 
pg g
-1
 and 0.01–1 ng g-1 for these elements, respectively. A calibration line is fitted to the measured 
data using a least-squares regression analysis (Figure 2.1). By comparison to the calibration line 
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acquired, [Re] and [Mo] concentrations in samples can be quantified using a linear model 
(Equation 2.1). 
 
Equation 2.1  [Re] = m × CPS + c 
 
where [Re] (or [Mo]) is the sample concentration in pg g
-1
 or pmol L
-1
, CPS is the measured 
instrumental counts per second, m is the gradient between these variables as defined by the 
standard solutions, and c is an intercept, that can be free to vary or set to 0. In our analyses, c was 
allowed to vary. The concentrations of standards are defined and an instrumental blank correction 
is contained within the calibration curve. 
  
Figure 2.1 Examples of standard calibration lines generated by a direct calibration method on the Q-
ICP-MS for Re and Mo. A. Re concentration calibration line. The counts per second generated are 
illustrated as a function of the specified Re concentration. B. Mo concentration calibration line. The counts 
per second generated are illustrated as a function of the specified Mo concentration. This calibration line 
indicates tailing at the low concentrations. 
 
2.2.2 Sample introduction to Q-ICP-MS (Thermo X Series II) 
Samples were generally acidified prior to the direct calibration analysis to yield a ~3% HNO3 
matrix. The purpose of acidification is to: (1) coat the inside of the vials with H
+
 ions to reduce 
metal ion adsorption; and (2) to create a sample matrix similar to that of the standards prepared 
using HNO3 diluent. Samples were introduced to the instrument using a glass Meinhard nebuliser 
and a cyclonic spray chamber. 
 
For Re and Mo concentrations quantified by direct calibration using the Q-ICP-MS auto-sampler, 
data acquisition times were designed to be long enough to ensure that the counting statistics 
obtained were adequate for the elemental concentration range expected. The timings used were as 
follows: an uptake delay of ~90 s before analysis; an analysis time of 24 s (20 ms per Mo isotope 
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and 40 ms per Re isotope over 50 measurement cycles that were completed twice); and a wash out 
time of 180 s. This gave a total measurement time of ~5 min per sample. Prior to analysis, the 
instrument was optimised with a daily performance solution to confirm mass calibration, 
instrument sensitivity and to evaluate oxide and double charge species generation. For Re, the 
concentration data collected was calibrated using 
187
Re because this Re isotope has the highest 
abundance and few elemental interferences (
171
Yb
16
O, 
187
Os). Generally, the instrumental blank on 
187
Re for dionized water at 3% HNO3 was ~2–78 CPS, with the 20 pg g-1 synthetic Re standard 
typically yielding ~ 1340–1460 CPS. For Mo, the concentration data collected was calibrated using 
98
Mo. The instrumental blank on 
98
Mo for dionized water at 3% HNO3 was ~2–4600 CPS, with 
typical values of ~80 pg g
-1
. The 20 pg g
-1
 Mo synthetic standard typically yielded ~471,600–
564,200 CPS. 
 
2.2.3 Quantification of blanks 
Following sample collection, Re can be introduced unintentionally into samples via several routes. 
However, previous work has quantified HNO3 as the major contributor to the Re procedural 
contamination (Birck et al., 1997). To test the Re background, or blank, a careful assessment of 
acid dissolution procedures, the choice of reagents and cleaning procedures was carried out. 
Samples were prepared in the metal-free clean laboratories at Durham University, which are fitted 
with a High efficiency particulate air (HEPA) filtered air supply and laminar flow work stations to 
minimise contamination. Water (>18 mΩ) treated with a Milli-Q water system (Millipore Co.) was 
used both in chemistry and for pre-rinsing all beakers and vials. PFA Savillex® containers used for 
sample dry down and purification were cleaned by HCl-HNO3 acid refluxing to remove any 
remaining residues from previous samples.  
 
Several tests on reagent purity and the background Re concentration were also performed. By way 
of example, four different types of blank that were prepared to evaluate the controls on the 
background Re concentration are shown in Figure 2.2A. Two of these blanks contained HNO3 and 
two contained deionized water, and these were prepared in cleaned (acid leach) and non-cleaned 
centrifuge tubes. The four blanks were run in a random sequence so that if any instrument 
oscillation occurred, each set of blanks was not all clustered on a particular fall or rise in Re 
concentration. They were also measured in pairs so that only the first measurement of any pair 
would be subject to any potential carry over from a previous sample.  
 
The majority of the measurable Re blank was found to come from the HNO3 and there was no 
apparent effect of differential cleaning methods (Figure 2.2A), supporting previous work on 
measuring Re in complex sample matrices (Birck et al., 1997). A sample of 3% Teflon double 
distilled HNO3 acid prepared in the clean lab by sub-boiling and distillation in PFA stills showed a 
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factor of two lower Re counts, compared with its trace analysis ‘commercial’ grade HNO3 (Romil  
SPA) counterpart. Consequently, Teflon double-distilled acids were used in standard preparation 
and for acidifying samples because of the anticipated low concentrations of Re in river waters. A 
more detailed experiment testing the leaching of centrifuge tubes with deionized or dilute HNO3 
prior to analysis also indicated this process had little effect on the background Re concentration 
and therefore it was considered an unnecessary precursor to future analyses (Figure 2.2B).  
 
 
 
Figure 2.2 Assessment of the main background Re contributor. A. Counts per second (CPS) of Re in 3% 
HNO3 versus deionised water (MQ) water are compared in cleaned and non-cleaned centrifuge tubes. Re 
concentrations are elevated in acid (HNO3) relative to Milli-Q water with little effect of cleaning being 
apparent. B. Response of counts per second in blank and low concentration standards to different cleaning 
procedures. The calibration lines generated using centrifuge tubes cleaned by different methods show no 
clear relationship with the method used, implying that cleaning the centrifuge tubes has negligible impact on 
the resultant counts detected.  
 
Combined Re and Mo standards were often used for generating calibration lines and determining 
both Re and Mo abundance in river waters. The 1000 µg g
-1
 Mo stock solution (ICP-MS tuning 
solution: Romil Cambridge 3%) was tested to determine its Re abundance. Standards containing 
different concentrations of Mo (in this case 0.01 ng g
-1
, 0.1 ng g
-1
, 0.5 ng g
-1
 and 1 ng g
-1
) were 
prepared and run on the Q-ICP-MS. The counts per second generated were very low for Re and 
indistinguishable from the blank across all standard concentrations, emphasizing that the Mo stock 
contains negligible Re and was suitable for combined standards. If Re were to have been coming 
from the Mo ICP-MS tuning solution, then a higher concentration standard would have shown the 
greatest deviation from a calibration line, but this was not the case.   
 
2.2.4 Inter- and Intra-run instrument stability  
During an analytical run, instrument response can fluctuate due to the presence of sample matrix 
and electrical noise (Jarvis, 1997). Therefore, wherever possible, samples were analysed in order of 
increasing matrix. In addition, as a general rule, samples from rivers predicted to be rich in 
petrogenic organic carbon (OCpetro) based on knowledge of local bedrock geology, and therefore 
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thought to have the highest Re concentrations, were run towards the end of an analytical session to 
minimise the risk of artificially increasing the detected signal through carry over effects. Replicate 
analyses of standard solutions and samples were used to monitor changes in the analyte signal 
throughout an analytical session, at intervals of approximately 5–10 samples. Figure 2.3 illustrates 
the precision of Re and Mo concentration measurements in a single run for a standard in the middle 
of the calibration range. Although there is no systematic error, the values reported vary by up to 
~11% from the calibration line, indicating that variations can occur during an analytical session at 
these very low concentrations (~5 pg g
-1
). The data suggest that Re tends to reproduce better than 
Mo. Furthermore, when a typical calibration line for Mo is considered (Figure 2.1B) we find that 
the detection limits for Mo are higher than for Re with a tailing in the calibration line occurring at 
lower concentrations for Mo. Nevertheless, the natural abundance of Mo in river waters is typically 
~100 times greater than that of Re. 
 
 
Figure 2.3 Precision of analyses on the Q-ICP-MS. Reproducibility of Re and Mo standards during a 
single analytical run on the Q-ICP-MS (X-Series) for a 5 pg g
-1
 standard solution.  
 
The random instrument and procedural uncertainties, which may be introduced in sample 
preparation, were evaluated by processing replicate and duplicate samples. Replicate samples were 
run during the same analytical session while duplicate data were collected several months apart. 
When we consider these data, we find that the replicates are more similar to each other than the 
duplicate data are (Figure 2.4). This suggests that there is a greater drift in the sensitivity of the 
instrument over time or that variability in the calibration lines amongst analytical sessions can 
create biases in the data, which are only apparent when data from different sample batches are 
compared. These considerations, in part, gave rise to an investigation exploring isotope dilution 
methods for quantifying [Re]diss at low concentrations (sections 2.2.5.3 and 2.3). 
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Figure 2.4 Reproducibility of sample Re data in replicate and duplicate analyses. Dashed lines separate 
different analytical sessions. Sample names are provided on alongside. 
 
2.2.5 Improving the precision of [Re]diss measurements 
2.2.5.1 Refining the direct calibration method 
The Re data from the direct calibration method indicate that concentrations of Re are often at the 
sub- pg g
-1
 level in the sampled river waters; particularly those sampled in the Southern Alps, New 
Zealand, and Iceland. This makes analysis challenging by direct Q-ICP-MS methods, which 
sacrifice precision and accuracy (Figure 2.3). To improve the data quality, there are refinements 
that can be made to the direct Q-ICP-MS method. These include matrix matching the standard 
solutions and adjusting mass spectrometer peripheries. With regards to the latter, the sample and 
skimmer cones and the introduction system can be used specifically for water samples with a 
typically low matrix; in contrast to instruments being used to analyse rock-digestions. In addition, 
here, a Thermo Fisher X-Series II Q-ICP-MS was used but newer generations of Q-ICP-MS (e.g. 
Thermo Fisher iCAP, Agilent 7900) have lower detection limits and may allow for more precise 
(better than 5%) sub- pg g
-1
 measurements.  
 
Alternatively, the precision of direct calibration [Re]diss data can be improved by doping samples 
with a known quantity of an element that does not occur at high concentrations in nature; a 
technique called internal standardisation. Any recorded fluctuations in the concentration of the 
doping element over an analytical session can then be monitored and attributed to instrument 
oscillation. A correction can be applied according to the oscillation observed. The doping element 
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should ideally be monoisotopic, to minimise elemental interferences, yield maximum mass 
sensitivity, and have an ionisation efficiency/ energy similar to those of the elements being 
analysed. Elements typically used for doping include Indium and Yttrium. 
 
2.2.5.2 Standard addition method 
When natural concentrations of elements in samples are low, an alternative method to direct 
measurements by Q-ICP-MS is standard addition. This method involves adding a standard with a 
known concentration of the element of interest to samples in order to increase the total 
concentration of that element. The resultant element concentration should then fall within the 
optimum calibration range and exceed machine detection limits. This method also reduces the 
problem of matrix effects. Although this method was not used for quantifying Re abundance in the 
samples used in this research, other published studies bearing Re data that are discussed within 
Chapters 3–5 do take advantage of this technique (e.g. Hilton et al., 2014). 
 
2.2.5.3 Isotope Dilution  
For this research project, the approach taken to optimise precision and accuracy was to collect and 
process larger water samples by isotope dilution methods, which are known to give data with a 
higher precision (Anbar et al., 1992; Colodner et al., 1993b; Miller et al., 2011) than our initial 
direct calibration methods. This method is discussed in detail in section 2.3. 
 
2.3 Isotope dilution and column chemistry development for [Re] analysis in 
river waters   
2.3.1 Overview 
The separation and pre-concentration of Re prior to analysis using column chemistry coupled with 
isotope dilution was explored as a means to lower the detection limits possible and to confirm the 
precision of analyses (Figure 2.5). The majority of the Re abundance data presented in Chapters 3–
5 was processed by combining isotope dilution with an anion-exchange mini-column chemistry 
method (Cumming et al., 2013).  
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Figure 2.5 Summary of the methodology used to separate and pre-concentrate Re and Mo for 
elemental and isotope analyses. Water and sediment samples collected in the field were spiked and passed 
through an anion exchange resin before the element concentration or isotope composition of interest were 
quantified on a mass spectrometer.  
 
Isotope dilution works by measuring the change in the ratio of signal intensities for two selected 
isotopes of an element after the addition of a known quantity of spike, which is enriched in one of 
the isotopes (Gill, 1997). Typically, the spike is enriched in a rare isotope, meaning that the 
measured isotope ratios are much larger than the natural abundance. For the analysis of Re 
concentrations in water samples, the isotope dilution method involved spiking samples with a 
185
Re 
enriched spike (e.g. Pearce et al., 2009). The aim was to achieve a spike-sample mix ratio between 
1.5–2.5, which would provide the best precision and accuracy. The spike volume required was 
defined according to the sample Re concentrations determined by the direct calibration method 
(section 2.2). Typically, between 30 and 500 mL of each river water sample was doped with the 
185
Re tracer solution and evaporated to dryness before column chemistry. Two spike solutions were 
used: the first was used for low concentration samples and had a 
185
Re concentration of 2.86 × 10
-12
 
pmol g
-1
 and a 
185
Re/
187
Re ratio of 37.67; the second was used for spiking higher concentration 
samples and had a 
185
Re concentration ratio of 2.10 × 10
-9
 nmol g
-1
 and a 
185
Re/
187
Re ratio of 28.94. 
Isotope dilution is advantageous relative to the direct calibration method as it can compensate for 
partial loss of Re during sample preparation, provided that the loss occurs after chemical 
equilibrium of the spike with the sample water. It is also not affected by sample matrix effects or 
drift in the instrument calibration. 
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2.3.2 Column chemistry to separate and purify samples 
The Re separation and purification procedure involved concentrating sample Re in a smaller 
volume of solution and removing the bulk of the dissolved solids that would otherwise elevate the 
background signal and cause interferences (Figure 2.5). Purification also minimises the variation in 
instrumental mass bias arising from matrix differences between the sample and standard solutions 
(Kendall et al., 2017; Lu et al., 2017; Pearce et al., 2009). Chromatographic separation works by 
attracting different solute ion species to varying degrees to the active sites on a resin, usually 
loaded in a column that can be made of plastic, Teflon or glass. Carrier solutions (eluants) migrate 
down the column at different rates. The column design, type of resin, and reagents used determine 
how long an element of interest is retained on the resin. Here, 0.5 mL of Bio-Rad AG® 1-X8 (200–
400 mesh) Eichrom anion exchange resin was used in a 1 mL Poly-Prep® column to pre-
concentrate the Re and to remove sample matrix. The purification procedure involved the 
sequential use of three solutions (0.2M HNO3, 0.2M HCl and 6M HNO3) for loading, washing and 
collecting the Re fraction. These acid molarities were based on previous work using similar 
columns (Morgan et al., 1991; Selby and Creaser, 2001). In detail, 0.5 mL of anion exchange resin 
was first cleaned on each column with 1 mL of 8M HNO3 and preconditioned with 1 mL of 0.2M 
HNO3. Samples were loaded onto the preconditioned columns in 0.5 mL of 0.2M HNO3, after 
which the column was rinsed with 3 mL of 0.2M HNO3. The columns were then washed with 2 mL 
of 0.2M HCl and 0.25 mL 6M HNO3. The pure Re fraction was recovered from the bottom of the 
column in acid cleaned PMP beakers during elution by 2.5 mL of 6M HNO3 and evaporated to 
dryness. Other solutes that were eluted in earlier fractions were discarded. Teflon labware was 
cleaned between samples by soaking in aqua regia (a 2:1 mixture of HNO3 and HC1) for 1 day, 
followed by heating to 180ºC in MQ, H2O2 and 8M HNO3, each for 1 day. 
 
The column chemistry method used for Mo isotope work (section 2.6.2; Chapter 5) has previously 
been described as a method to simultaneously extract Re (Pearce et al., 2009). To explore this 
further, the ‘Mo isotope columns’ were calibrated by passing a 10 μg mL-1 Re solution through the 
columns and successive eluted fractions were collected. Elemental Re concentrations were 
determined for all calibration aliquots (0.5 mL) using the Q-ICP-MS and an elution curve was 
generated (Figure 2.6). Quantitative recovery of Re from the column was confirmed by assessing 
the yields of Re: 99% of the Re was collected between aliquots 12 and 17, with an overall yield of 
approximately 80%. Eight Re abundance data quantified for New Zealand river water samples 
were measured using this method. However, the mini-column method outlined above was faster 
and used for the majority of samples.  
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Figure 2.6 Column calibration for Re abundance. Re elution curve from the columns used primarily for 
Mo isotope work identifies the aliquots over which Re is eluted. The volume of each aliquot was 0.5 mL. The 
elution curve indicates that 99% of the Re was collected between aliquots 12 and 17.  
 
2.3.3 Q-ICP-MS conditions, standard solutions and sample replicates  
The Re isotope composition of the purified Re aliquots was determined in a 0.8M HNO3 medium 
using a Thermo Scientific X-Series Q-ICP-MS at Durham University. Samples were run manually 
with an analytical time of 120 ms per analysis (20 ms on each Re isotope, which was measured 
three times) and there were a total of 20 analyses per sample. There was a minimum of a 30 s delay 
before uptake but the total wash out time varied depending on the previous sample concentration 
and was operated manually. An acid blank (3.5% HNO3) was run in between each sample to 
monitor the background Re concentration. A 1 ng g
-1
 Re standard prepared in 3.5% HNO3 was run 
prior to all samples to quantify the natural abundance ratio of 
185
Re/
187
Re. The measured difference 
in 
185
Re/
187
Re values for the Re standard solution and the accepted 
185
Re/
187
Re value (0.5974: 
Gramlich et al., 1973) was used for mass fractionation correction of the Re sample data. Isotope 
dilution data can be sensitive to the natural abundance ratios of 
185
Re and 
187
Re that are calibrated 
in each analytical session using a non-spiked 1 ng g
-1
 solution standard, and may vary with 
background machine variation. All data were blank corrected. The column blank was measured as 
1.05 ± 0.51 pg (±1 SD, n = 14), which is <0.5% of the typical sample mass of Re and similar to 
published methods (e.g. Dalai et al., 2002). Therefore, the blank had no discernible effect on the 
measured Re concentration of samples. Analytical uncertainties on the determined Re abundance 
were determined by full error propagation of the uncertainties in Re mass spectrometry 
measurements, blank abundance and isotope compositions, spike calibrations and the 
reproducibility of standard Re isotope values.  
 
The long-term reproducibility of [Re]diss was also quantified by isotope dilution of the river water 
standard ‘SLRS-5’, which is an external standard. Although this standard is not certified for 
CHAPTER 2 │ Methodology 
41 
 
[Re]diss, previous analyses have reported a value of 66 ± 12 pg g
-1
 (Yeghicheyan et al., 2013). The 
reason for the relatively large uncertainty in this published value is because [Re]diss was only 
measured by two laboratories. Measurements at SARM Nancy are reported as 66 ± 3 pg g
-1
 
(Yeghicheyan et al., 2013), but there is a need for more inter-laboratory comparisons in a wider 
analysis of SLRS-5. The isotope dilution method used here returned a long-term mean [Re]diss = 
59.8 ± 1.7 pg g
-1
 (n = 12, ±2 SE) (Figure 2.7). This is in agreement with the reported value of 66 ± 
12 pg g
-1
 (Yeghicheyan et al., 2013); confirming accuracy and also providing improved constraint 
on the composition of SLRS-5.   
 
 
Figure 2.7 Reproducibility of the SLRS-5 standard by isotope dilution (ID) and direct calibration 
methods. The solid lines represent the mean for the two techniques and the dashed lines are ±2 SE on the 
mean. 
 
In addition to the SLRS-5 standard, several Canadian water samples were processed in duplicate 
using the isotope dilution technique (Figure 2.8). This was partly to assess data reproducibility via 
this method, but also to evaluate data reliability as some of these Canadian samples appeared to 
have poorer agreement with the direct calibration Re data than observed in previous sample 
batches. Nevertheless, duplicate analyses of these data indicated that both full analytical procedures 
were in close agreement to a 1:1 relationship. The reproducibility of [Re]diss data in the Canadian 
river waters and the SLRS-5 standard demonstrate that the analytical procedure can be applied 
reliably to a wide range of geological water types. 
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Figure 2.8 Reproducibility of Re abundance data quantified by isotope dilution (ID). Dashed line is a 
1:1 line. The shaded envelope indicates ±10% deviation from the 1:1 line. 
 
 
2.3.4 Comparison between direct Q-ICP-MS and ID Q-ICP-MS  
Repeat measurements using both the direct Q-ICP-MS (calibration curve) and isotope dilution Q-
ICP-MS techniques were made to assess the longer-term reproducibility and precision of these 
independent methods. This analysis includes river water data from New Zealand, Canada and 
Iceland, which span a large range of Re concentrations. Figure 2.9 and Figure 2.10 illustrate how 
the [Re]diss measurements by isotope dilution compare to the Re concentrations quantified by direct 
calibration across all concentrations (Figure 2.9) and the lower concentrations (Figure 2.10). In 
Figure 2.10, two columns types are indicated: the first column type was used for the majority of ID 
Re measurements and was a 1 mL Poly-Prep® column (section 2.3.2); the second type was a 10 
mL column generally used in Mo isotope work (section 2.6.2). The results demonstrate general 
agreement between direct calibration and ID methods, particularly when Re concentrations are >1 
pg g
-1
 and the data show close agreement to a 1:1 line. There is some suggestion that the New 
Zealand [Re]diss data quantified by direct Q-ICP-MS are higher than data quantified by isotope 
dilution, although the Canadian data is in closer agreement. 
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Figure 2.9 Comparison between [Re]diss data quantified using the direct calibration method and 
isotope dilution methods. The full range of concentrations quantified are separated according to sampling 
locality. Dashed line is a 1:1 line, with ±10% deviations from this line indicated within the shaded band. The 
orange line is the linear best fit for the New Zealand samples (r² = 0.997). The purple line is the linear best fit 
for the Canada (2013) samples (r² = 0.993). 
 
At lower Re concentrations, there is a more systematic offset between the direct and isotope 
dilution [Re]diss measurements (Figure 2.10). The isotope dilution method produces values that are 
consistently ~30% lower than those quantified by the direct calibration method. This could imply 
that the direct method over-estimates Re concentrations when values are close to instrument 
detection limits. This may reflect the fact that blanks in the direct calibration method are up to 
~50% of the Re concentration present in the low concentration samples. In contrast, the isotope 
dilution technique has column blanks that are typically <1% of the total sample mass used and all 
of the data are blank corrected. In addition, the differential matrix of major ions in river water (e.g. 
Na
2+
, Ca
2+
, SO4
2-
) may result in some of the differences observed between the measurement 
accuracy of [Re]diss measured by direct Q-ICP-MS and that via isotope dilution ICP-MS, and some 
of the observed differences between analytical runs (Figure 2.4). Therefore, when sample 
concentrations are low, particularly below ~0.5 pg g
-1
, purifying and concentrating the Re prior to 
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analysis using column chemistry, coupled with isotope dilution, is the preferred technique for 
acquiring optimum precision, unbiased by background. 
 
 
 
Figure 2.10 Comparison between Re abundance data in river waters quantified using the direct 
calibration method and isotope dilution methods at low Re concentrations. Data from the two column 
types are indicated. Red squares include data from New Zealand and Iceland; orange squares are data from 
New Zealand. Re concentration quantified by the direct calibration are systematically higher that those 
quantified by isotope dilution. Dashed line indicates a 1:1 relationship, and ±10% deviations from this line 
are indicated within the shaded band. 
 
2.4 Re concentration in solid samples by isotope dilution  
Measurement of [Re] in solid samples is more routine (e.g. Cumming et al., 2014; Rooney et al., 
2012; Selby and Creaser, 2003) than for river waters (Miller et al., 2011) because concentrations 
are typically in the ng g
-1
 range. In this research, surface soil, weathered colluvium and river bed 
materials were ground to fine powders prior to acid digestion to generate integrated bulk samples. 
An aliquot of laboratory sand was run in the zirconium disc mill and the swing mill was washed 
with soap and water and rinsed with ethanol between samples. For Re concentration analysis, a 
known weight of sediment powder (~0.05–0.5 g) was doped with a known amount of 185Re spike 
solution and digested in a 2:1 HF-HNO3 mix (9 mL) for 24 hours at 120ºC and then evaporated. 
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The dried sample was further digested in a 2:1 mix of HNO3-HCl (3 mL) for 24 h at 120ºC, and 
then evaporated. The Re was isolated and purified using a NaOH-acetone solvent extraction 
methodology (Cumming et al., 2013). In summary, 5 mL NaOH was added to the digested 
sediment, well mixed and transferred to a 15 mL centrifuge tube. Acetone (5 mL) was then added 
to the NaOH-sample mix to extract Re from the sample-NaOH solution. The mixture was agitated 
for 10 minutes and centrifuged for 15 minutes before the Re-bearing acetone was pipetted off and 
transferred to a Teflon beaker to evaporate at 70ºC. The Re isotope composition of the purified Re 
aliquots was determined in a 0.8M HNO3 medium using a Thermo Scientific X-Series Q-ICP-MS. 
Data reproducibility were assessed by processing samples in duplicate. The very close agreement 
between duplicate sample data (Figure 2.11) indicates that sample heterogeneity in powdered 
aliquots is minimal and that the analytical procedure is effective in isolating sample Re.  
 
 
Figure 2.11 Reproducibility of Re abundance data in solid samples quantified by isotope dilution–ICP-
MS. Dashed line is a 1:1 line and sample reproducibility is better than 8%, even with blank issues in some 
sample batches.  
 
High and low concentration Re-bearing reference materials, Bush Creek (SBC-1) and SCO-1 
shales respectively, were processed alongside sample runs to validate the accuracy and 
reproducibility of our Re data. The Re concentration in the Bush Creek (SBC-1) reference material 
was determined to be 10,090 ± 101 pg g
-1
 (±1 SD, n = 6) and the Re concentration in the SCO-1 
reference material is 1085 ± 68 pg g
-1
 (±1 SD, n = 6). Variability in data across analytical runs is 
shown in Figure 2.12. The Re concentration values generated in our analyses are in agreement with 
published data on SCO-1 analysed by isotope dilution ICP-MS using an on-line chromatographic 
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matrix separation after acid digestion in a high pressure asher: 1050 pg g
-1
 (Meisel and Moser, 
2004). The long-term in-house (Durham University) reproducibility of the Bush Creek (SBC-1) 
reference material by CrO3-H2SO4 dissolution and Negative Thermal Ionisation Mass Spectrometry 
(N-TIMS) analysis (Selby and Creaser, 2003) is 10,331.9 ± 236.9 pg g
-1
, n = 25, ± 1SD (Selby, 
2017; unpublished data). We find that SCO-1 has more variability than Bush Creek, which may 
reflect the lower concentration of this standard and the lower precision at the lower concentrations: 
data show 10% deviation on the published value for this standard, cf. 2% for the Bush Creek 
reference material (Figure 2.12). Alternatively, the SCO-1 reference material may have greater 
heterogeneity, which has not been overcome using the aliquant amount.  
 
Figure 2.12 Reproducibility of Re abundance data quantified by isotope dilution – ICP-MS in 
reference materials. The standards’ Re concentration data are normalised to published data (SCO-1: Meisel 
and Moser, 2004) or long-term in-house measurements (SBC-1: Selby, 2017; unpub. data) and indicate that 
the reproducibility is <3% for the SBC-1 standard and ~10% for the SCO-1 standard. Dashed lines are ±10%.  
 
Blanks from the digestion protocol ranged from 1–80 pg g-1 (n = 19), with typical values between 2 
and 8 pg g
-1
 (n = 16). Where blanks were high, full-analysis replicates produced data in agreement 
to within 5% (Figure 2.11), confirming that these blanks were representative of the analysis but had 
minimal effect on data accuracy. As for the water analyses, all data were corrected for mass 
fractionation and blank contributions.  
 
2.5 Molybdenum abundance analysis  
2.5.1 Water samples 
Molybdenum concentrations in the dissolved river loads were determined by direct calibration 
against a pure Romil Mo standard diluted to between ~0.1–20 ng g-1 in 0.5M HNO3 to form 
solutions with a concentration range comparable to that observed in samples (see section 2.2.1, in 
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analogy to Re). The Mo concentrations of samples processed for their Mo isotope composition 
were also determined for a second time by ID Multi Collector – ICP-MS (MC-ICP-MS) and agree 
with the direct calibration data to within 12% (Figure 2.13). In general, the concentrations 
generated by direct calibration on the Q-ICP-MS were used in the water data analyses (Chapter 5), 
to enable consistency in the comparison across all samples. However, where the accuracy of the 
numbers was important to the interpretation (Figure 5.12), the ID MC-ICP-MS data were used 
alongside the δ98/95Mo data collected on the same sample aliquots. 
 
 
 
Figure 2.13 Agreement between Mo concentration data for water samples quantified using isotope 
dilution and MC-ICP-MS versus a direct calibration method and Q-ICP-MS. Data for all study sites 
(New Zealand, Canada and Iceland) are shown and are compared to a 1:1 agreement, indicated by the dashed 
line. The shaded band indicates ±10% deviations from the 1:1 line. The solid black line shows the best fit to 
the data from all catchments (linear regression equation is given on plot). 
 
Confidence in these values was confirmed by the accuracy and reproducibility of the concentration 
of the BHVO-1 basalt and IAPSO seawater reference materials defined by this method. The 
BHVO-1 produced a mean [Mo] value of 1.00 ± 0.05 µg g
-1
 (n = 21, ±2 SD), which compares well 
to published data of [Mo] = 1.02 ± 0.10 µg g
-1
 (n = 10, 95% confidence) generated by isotope 
dilution thermal ionisation mass spectrometry (ID-TIMS) (Wieser et al., 2007). The IAPSO 
seawater reference material produced a mean [Mo] = 10.9 ± 0.51 ng g
-1
 (n = 5, ±2 SE), which is in 
agreement with published values of 10 and 11 ng g
-1
 (Greber et al., 2012). The agreement between 
the duplicate analyses of BHVO-1 and IAPSO is shown in Figure 2.14.  
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Figure 2.14 Mean and long-term reproducibility of Mo concentration quantified by isotope dilution for 
reference materials. A. BHVO-1 basalt reference material. Thick purple line shows the mean value. B. 
IAPSO seawater reference material. Thick blue line shows the mean value. Shaded areas represent ±2 SD on 
the mean. Vertical dashed lines separate analytical sessions. 
 
2.5.2 Solid samples 
Before digesting bedload and soil materials to assess their Mo concentration, these sediments were 
first powdered using a zirconium disc mill, in an analogous way to the preparation protocol for Re 
analysis in solid samples (section 2.4). Homogenising bedload samples by crushing allowed an 
integrated bulk Mo composition to be generated. The powdered solid samples (surface soil, 
weathered colluvium, river bed materials) and suspended particulates (non-powdered) were then 
digested in a 2:1 mix of concentrated HF-HNO3 (6 mL) for 72 hours at 120ºC and evaporated. The 
dried sample was further digested in a 2:1 mix of concentrated HNO3-HCl (4.5 mL) for 48 h at 
120ºC, and evaporated, and then 3 mL of 16M HNO3 followed by 5 mL of 6M HCl was added. 
After the solution was evaporated, the residue was re-dissolved in 10 mL of 1M HCl and a small 
aliquot (0.5 mL) was extracted for concentration analyses. These initial Mo concentration data 
were used to provide an indication of the spike volume required for Mo isotope analysis (based on 
a 1:1 spike-sample ratio; see section 2.6). 
 
The Mo concentrations of spiked sample aliquots that were processed through column chemistry 
for isotope measurements were also quantified using isotope dilution by MC-ICP-MS (Thermo-
Neptune). The Mo concentration is provided as an output of the spike deconvolution method 
(Rudge et al., 2009). These concentration data can be compared to the concentrations quantified in 
non-spiked sample aliquots by Q-ICP-MS (Figure 2.15A and 2.15B). The agreement between the 
two methods is considerably reduced for the solid samples than is observed for the waters (Figure 
2.13), suggesting that matrix effects have a strong effect on data quality for the solid material. For 
this reason, direct Q-ICP-MS measurements of [Mo] for solid samples are not recommended unless 
the samples have been passed through a column to remove sample matrix. 
 
 
CHAPTER 2 │ Methodology 
49 
 
 
 
Figure 2.15 Agreement between Mo concentration data for solid samples quantified using Q-ICP-MS 
and MC-ICP-MS. A. Data for New Zealand samples. Data are compared to a 1:1 line, indicated by the 
dashed line. The shaded band indicates ±10% deviations from the 1:1 line. The solid black line shows the 
best fit to the data from all catchments for all sample types (linear regression equation is given on plot). B. 
Data for Canada samples. Data are compared to a 1:1 line, indicated by the dashed line. The shaded band 
indicates ±10% deviations from the 1:1 line. The solid black lines show the best fits to the data for the 
suspended sediments and bedload samples (linear regression equations are given on the plot). 
 
The data quantified by MC-ICP-MS following the removal of sample matrix by column chemistry 
were used for the discussion of solid sample Mo concentrations (Chapter 5). The agreement 
between the duplicate analyses of solid samples is shown in Figure 2.16 and for most samples 
reproducibility was better than 5%. 
 
 
Figure 2.16 Agreement between duplicate solid sample Mo concentration data. Full procedural 
duplicates for a range of sediment samples from the western Southern Alps are compared against a 1:1 line. 
The ±10% fits to the 1:1 dashed line are indicated within the shaded band.  
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2.6 Molybdenum Stable Isotopes  
2.6.1 Overview 
Chapter 5 aims to accurately determine the atomic abundance ratio of Mo isotopes in river waters, 
soils, river suspended particulates and river bed materials. Previous research has established the 
convention of measuring 
98
Mo and 
95
Mo for a variety of reasons that consider isotope abundance, 
mass dependent fractionation and instrumental interferences (Kendell et al., 2017). Molybdenum 
stable isotope fractionation is conventionally reported in delta notation (δ98/95Mo) for 98Mo/95Mo 
ratios, in parts-per-thousand relative to a reference solution (Equation 2.2).  
 
Equation 2.2    !"/!#Mo$%&'() *= ** +, .
-0/-123456789
.-0/-123:;<>?@A@B*C D EF *× EGGG 
 
The NIST SRM (National Institute of Standards and Technology Standard Reference Material) 
3134 standard has been proposed to serve as the zero-delta reference material for Mo isotopes 
(Goldberg et al., 2013; Greber et al., 2012). By bracketing analyses of samples by this standard, 
which is run under the same instrumental conditions, we can evaluate and correct for any 
systematic instrumental drift. Importantly, this correction relies on the assumption that instrumental 
mass bias has a constant drift during analysis and does not vary systematically between samples 
and standards. However, because the samples are double spiked, we have an independent way of 
correcting for instrument mass bias.  
 
In this study, the δ98/95Mo value of the NIST SRM 3134 standard is assigned a value of 0‰. 
However, to enable direct comparison to older published data, which may have been normalised to 
other in-house Mo reference materials, or reported using the 
97
Mo/
95
Mo ratio, it may be necessary 
to scale data accordingly. The scaling required for inter-laboratory data comparison can vary 
(Goldberg et al., 2013) but, typically, the required correction to convert between δ98/95Mo 
normalised to NIST = 0‰ and many published data will be to subtract 0.25‰ (Nägler et al., 2014). 
 
2.6.2 Column chemistry and Mo double spike 
For isotope analysis of all sample types, Mo was first separated and purified using anion exchange 
chromatography. Sample solutions were passed through a column packed with an anion exchange 
resin (Bio-Rad AG1-X8), following the method used by Siebert et al. (2001), Pearce et al. (2009) 
and Nagai and Yokoyama (2016). As outlined for Re (section 2.3.1–2.3.2), purification helps to 
eliminate variation in instrumental mass bias arising from matrix differences between the sample 
and standard solutions. It also minimises elemental interferences; in this case Zirconium interferes 
on Mo masses 92, 94 and 96 and Ruthenium interferes on masses 96, 98 and 100 (Willbold et al., 
2016). Although Mo isotopes are known to fractionate during the elution stage of the anion 
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exchange system, we correct for this fractionation by mixing and equilibrating the sample Mo with 
a double spike prior to purification (Pearce et al., 2009; Willbold et al., 2016).  
 
The spike used consists primarily of the isotopes 
97
Mo and 
100
Mo in the proportions of 40% and 
56%, respectively. The Mo concentration of the spike is 2.0281 µg g
-1
. The spike isotopes follow 
the same fractionation law as the 
98
Mo and 
95Mo isotopes that are of interest, and allow for δ98/95Mo 
data to be obtained. Doping samples with the double spike solution allows the fractionation that 
occurs during chemical separation and mass spectrometry to be corrected for. Therefore, the 
chemical separation technique can focus primarily on purification rather than on optimum yield.  
 
The protocol for preparing the anion exchange resin for Mo isotope work first involved de-fining 
the resin by rinsing it with Milli-Q water, allowing it to settle and decanting off the fine material. 
Successive rinses with the following acids were then carried out: 6M HCl, 8M HNO3 and 1M HCl. 
After the resin was loaded onto the columns it was pre-cleaned with 10 mL 2M NH4NO3 + 2M 
NH4OH and 10 mL 8M HNO3 twice before the column chemistry method was continued. For 
water samples, the resin could be used multiple times and for solid samples it was generally re-
used 2–3 times.  
 
For river waters, between 30 and 500 mL of the water was doped with a known amount of the 
97
Mo-
100
Mo double spike solution to achieve a combined Mo mass of ~100 ng, with a spike-sample 
mix ratio of 1:1. The chemistry was modified from that described by Pearce et al. (2009). In brief, 
the spiked water sample was evaporated to dryness before being re-dissolved in 5 mL 0.5M HCl 
for loading on to the column. The columns were pre-cleaned with 20 mL 8M HNO3, 10 mL 6M 
HCl, 10 mL 1M HCL, 5 mL 1M HF and 10 mL 3M HNO3, and preconditioned with 5 mL 0.5M 
HCl. The sample was loaded on to 2 mL of AG 1-X8 anion exchange resin in 5 mL 0.5M HCl, and 
the bulk matrix was washed through with 5 mL 0.5M HCl, 10 mL HCl + 1M HF, 8 mL 4M HCl 
and 12 mL 1M HF. The Mo was finally eluted in 12 mL 3M HNO3. The columns were part-
cleaned for subsequent chemistry with 20 mL 8M HNO3 and 5 mL 1M HCl and stored in 0.5M 
HCl. 
 
For the solid samples, the chemistry method closely follows that presented in Willbold et al. 
(2016). The columns were pre-cleaned with 10 mL 0.5M HCl, 10 mL 2M NH4NO3 + 2M NH4OH, 
10 mL 8M HNO3, 5 mL 1M HF and 10 mL 0.5M HCl. The columns were then preconditioned in 3 
mL 3M HCl. After concentration checks, the remaining 1M HCl solution from the digestion 
process (section 2.5.2) was spiked, before being evaporated and brought up in 4.75 mL of 3M HCl 
for loading. Immediately prior to loading, 0.25 mL of ascorbic acid was also added to the samples 
to oxidise Fe from Fe
2+
 to Fe
3+
 and enhance removal of Fe adsorbed to the resin matrix. The 
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volume of anion exchange resin used was 1 mL. A bulk wash with 3 mL 3M HCL followed. A 13 
mL mixture consisting of 0.5M HCl + 0.5% H2O2 was then added to the columns in 1 mL aliquots 
for the first 3 mL, and 5 mL aliquots for the final 10 mL, to elute residual Fe. Zinc was then eluted 
in 10 mL 1M HF. The Mo aliquot was collected in 12 mL of 1M HCl in acid cleaned Teflon 
beakers. The columns were part-cleaned for subsequent chemistry with 20 mL 8M HNO3 and 
stored in 0.5M HCl. The total procedural blanks for processing Mo in this study ranged from 0.1–
1.7 ng g
-1
 with a mean blank [Mo] = 0.75 ± 0.51 ng g
-1
 (n = 16, ±1 SD).  
 
2.6.3 Mo isotope ratio measurements by MC-ICP-MS 
Molybdenum isotope measurements were made using a Thermo-Fischer Neptune multi-collector 
inductively coupled plasma mass spectrometer (MC-ICP-MS) in the Arthur Holmes Geochemistry 
Laboratory, Durham University. Samples were introduced to the instrument using an Aridus II 
desolvator and a Savillex PFA20 nebuliser at 150–200 ng g-1 concentration in 0.5M HNO3. The 
uptake rate was ~35 µl min
-1
 and the maximum sensitivity was ~400 V (µg g
-1
)
-1
. Measurements 
were made in low resolution mode using X-cones and static collectors. Analyses consisted of 50 
cycles of 4 s integrations. Prior to each analysis there were 5 minutes of washout and a blank acid 
(0.5M HNO3) was measured prior to each sample. The cup configuration was as follows: L4 = 
91
Zr, 
L3 = 
92
Mo, L2 = 
94
Mo, L1 = 
95
Mo, C = 
96
Mo, H1 = 
97
Mo, H2 = 
98
Mo, H3 = 
99
Ru and H4 = 
100
Mo.  
 
The data were deconvolved using IsoSpike, an add-in to IGOR Pro (Paton et al., 2011). Isospike is 
a double-spiked inversion software based on the method of Creech and Paul (2015), which uses 
algebraic equations presented in Rudge et al. (2009). The blank baseline subtraction was carried 
out using a step forward integration and in general, the last 60 s of data were used. However, the 
raw imported data were first assessed for any anomalies; for example errors can arise as a 
consequence of partial nebulizer blocks and any affected integrations must be removed manually. 
Raw 
92
Mo,
 94
Mo,
 96
Mo and 
100
Mo intensities were corrected for isobaric interferences using 
measured 
91
Zr and 
99
Ru data. Although instrumental mass bias is large (+17‰/amu), and exceeds 
the variability found in nature (~1‰/amu), it is very stable over time (Kendall et al., 2017). 
Therefore, a correction for mass-bias by standard-sample bracketing is possible. Here, NIST 3134 
was used as the bracketing standard (section 2.6.1) and sample data were corrected based on the 
performance of this standard every session using linear interpolation between individual NIST 
3134 measurements made every 1–2 unknowns.  
 
The long-term δ98/95Mo machine reproducibility was determined by measurement of an in-house 
Romil standard run under the same instrumental conditions, which gave δ98/95Mo = 0.046 ± 
0.029‰ (n = 99, ±2 SD). The long term reproducibility of the IAPSO seawater reference material 
is δ98/95Mo = 2.07 ± 0.06‰ (n = 5, ±2 SD) (Figure 2.17), which is indistinguishable from the mean 
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of published values (2.08 ± 0.10‰; Goldberg et al., 2013). Full procedural duplicate analyses on 
two water analyses provided data in agreement to <0.02‰ and these data were averaged and 
reported with the ±2 SD error on the mean value in Chapter 5. Duplicate analyses on 12 sediment 
samples produced data in agreement to within 0.1‰, with a mean difference of 0.025‰. The long-
term reproducibility on the BHVO-1 basalt reference material processed in each analysis is 
δ98/95Mo = 0.19 ± 0.04‰ (n = 21, ±2 SD) (Figure 2.17). Sample reproducibility for the solid 
samples is shown in Figure 2.18: all samples fall within their ±2 SD error of the 0.05‰ fits of the 
1:1 line. 
 
Figure 2.17 Long-term reproducibility of standards used in Mo isotope analyses. A. BHVO-1. Thick 
purple line shows the mean value. B. IAPSO seawater salinity reference material. Thick blue line shows the 
mean value. The ±2 SD errors on the long-term mean replicate values are indicated within the shaded bands. 
The ±2 SE analytical error on an individual measurement is smaller than the point size. Separate analytical 
sessions are marked with dashed vertical lines. 
  
Figure 2.18 Agreement between duplicate δ
98/95
Mo data for water and solid samples. Full procedural 
duplicates for a range of sediment samples are compared against a 1:1 line. The fits to the 1:1 line, indicated 
by dashed lines, are for 0.05‰ deviations, which is the long term reproducibility on the BHVO-1 standard. 
Error bars indicated for measurements are ±2 SD on replicate runs of each individual sample.  
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2.7 Molybdenum sequential extraction experiment 
Molybdenum cycling in surface weathering environments is known to be strongly influenced by 
adsorption to Fe-Mn (oxyhydr)oxides (Anbar et al., 2001; Arnold et al., 2004; Siebert et al., 2003). 
Therefore, a sequential extraction procedure was adapted to examine the role of this adsorption in 
the study catchments. Two suspended sediment samples from the western Southern Alps were 
subjected to two sequential extractions. The first extraction consisted of leaching with 10% acetic 
acid (HAc, Ultrapure). The HAc was intended to remove loosely bound exchangeable Mo (Chan 
and Hein, 2007; Wimpenny et al., 2010) and Mo present in carbonates (Henkel et al., 2016). The 
second extraction involved leaching with 2M HCl, to allow Mo that is more tightly bound to Fe 
and Mn oxyhydroxide-oxide residues to be removed from the particulates (Chan and Hein, 2007; 
Wimpenny et al., 2010; Siebert et al., 2015). Mo present within easily reducible and poorly 
crystalline Fe (and Mn) hydroxides and oxyhydroxides should be extracted by HCl leaching 
(Henkel et al., 2016; Siebert et al., 2015; Wiederhold et al., 2007). Organic matter is not thought to 
be extracted in the HAc or HCl leaches. Prior studies suggest the need for an additional leaching 
agent, such as H2O2, to extract Mo associated with the oxidizable fraction (e.g. Siebert et al., 2015). 
However, we cannot rule out the possibility that some organically-bound Mo may be leached by 
HCl, in analogy to the behaviour of Fe in HCl (Wiederhold et al., 2007). 
 
Approximately 1g of suspended load particulates from a glacial catchment (Fox: sample NZ14-86; 
see Chapter 3 and 5 for details on sampling location) and a catchment with glaciers confined to 
headwaters (Cook: sample NZ14-69) were each mixed with 40 mL of ultrapure HAc in capped 
beakers. The mixtures were then agitated in an ultrasonic water bath for 45 min, after which the 
particles were allowed to settle over 24 h. The supernatants were pipetted off with acid-cleaned 
pipette tips. The remaining residues were subsequently dissolved in distilled 2M HCl and the 
solutions agitated in an ultrasonic water bath for 45 min, after which they were placed on a hotplate 
at 70°C for 2 h. The final residues were left to settle over 24 h and then the supernatants were 
pipetted off. The extractable fractions are referred to as the HAc-leachable fractions and the HCl-
leachable fractions (Chapter 5). The supernatants corresponding to both the HAc-leachable 
fractions and the HCl-leachable fractions were evaporated to dryness and dissolved in 0.5M HNO3 
for Mo abundance and isotope analyses. 
 
2.8 Other analyses 
2.8.1 Major ion and elemental concentrations 
Concentration analyses on major elements were designed to characterise the overall composition of 
the samples (homogenised as powders in the case of bedload samples) and are bulk analyses. Major 
elements are present at concentrations exceeding 1% by mass and constitute the main minerals of 
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the sediments or ions within water samples. In river water samples, major ions were analysed by 
Ion Chromatography (IC). Lethbridge-03 is a certified reference material collected from 
Lethbridge, Alberta, in 2003 that was processed alongside samples to confirm the accuracy of the 
results. For the New Zealand samples (Chapter 3), the HCO3
-
 concentration was estimated using 
the Total Alkalinity, temperature and pH (measured in the field) input into CO2SYS (Lewis and 
Wallace, 1998). The charge balance of dissolved cations (TZ
+
 = Na
+
 + K+, 2Mg
2+
 +2Ca
2+
) and 
dissolved anions (TZ
-
 = Cl
-
 + HCO3
-
 + 2SO4
2-
) was determined ([TZ
+
 - TZ
-
]/[TZ
+
 + TZ
-
]) as a 
measure of data quality (Jacobson et al., 2003). This was 11% across all samples, which is within 
the combined uncertainty and similar to previous work in this location (Jacobson et al., 2003).  
 
For samples collected from Canada (Chapter 4), major and trace element (other than Re) 
concentrations in the river sediment samples were measured, respectively, by ICP-AES and ICP-
MS at the SARM (Service d’Analyse des Roches et des Minéraux, INSU facility, Vandoeuvre-les-
Nancy, France). Our Canadian study also took advantage of published data on the major ion 
chemistry of the samples collected between 2009 and 2011 that have been described previously 
(Dellinger, 2013) and supplemented our major ion analyses on the dissolved load of the 2013 
samples collected by IC at Durham University.  
 
2.8.2 Total organic carbon and stable isotopes 
In river bed materials, suspended load sediments, surface soils and weathered colluvium, the 
organic carbon concentration ([OC], %) was measured following a 0.2M HCl leach protocol (Galy 
et al., 2007), which was tested on samples to ensure full removal of detrital carbonates (Figure 
2.19). In this method, a powdered sediment sample of ~0.5 g was added to a 50 mL glass beaker 
with 15 mL of 0.2M HCl, covered with a watch glass and placed on a hotplate at ~70ºC for ~4 
hours. After 4 hours, the supernatent was pipetted off and 50 mL of deionised H2O was added to 
each sample. Once each sample had fully settled (overnight), the deionised H2O was pipetted off 
and discarded. Finally, ~40 mL of deionised H2O was added to each sample and the samples were 
transferred to an oven to dry down at 80ºC. The sample weight before and after this procedure was 
quantified. This leach method was tested with different acid molarities using the sample CAN13-
02, to ensure full removal of detrital carbonates: the acid concentrations used were 0.1M, 0.2M, 
0.3M, 0.5M, 0.75M and 1M HCl.  
 
Aliquots of samples were combusted and the concentration of organic carbon, [OC], and the stable 
isotope composition of OC, d
13
C in ‰, were determined using a Costech elemental analyser 
coupled to a Thermo Scientific Delta V Advantage isotope ratio mass spectrometer (EA-IRMS) at 
Durham University. Corrections for procedural and instrument blanks were applied and the result 
normalized to the composition of international standards, reported relative to the Vienna Pee Dee 
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Belemnite (VPDB) with a precision of 0.2‰. Data reproducibility was assessed by processing 
sample replicates and full analysis duplicates (Figure 2.20). High precision was achieved on 
replicate analyses and duplicate data also fell within 1.5% of a 1:1 line.   
 
 
Figure 2.19 The effect of acid molarity on % total OC and δ
13
C. A. Patterns in quantified %OC at 
different acid molarities. The mean standard deviation on the mean of duplicate analyses was 3.8% and this 
error is indicted here. B. Patterns in quantified δ13C at different acid molarities. The mean standard deviation 
on the mean of duplicate analyses is smaller than the symbol size. At all acid strengths, the %OC and δ13C 
quantified are invariant, indicating full removal of inorganic carbon in each case. 
 
 
Figure 2.20 OC replicate and duplicate analyses. The trend line through the replicate data matches a 1:1 
line indicating very high precision on replicate analyses. Duplicate data fall within 1.5% of the 1:1 line. 
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2.8.3 Radiocarbon activity of organic carbon  
The radiocarbon activity of organic matter, reported as the Fraction Modern (Fmod) was measured 
following carbonate removal in four colluvium samples and two soil litters collected in New 
Zealand (Chapter 3) by Accelerator Mass Spectrometry (AMS) at the University of California 
Irvine facility, following graphitization. Sample preparation background was subtracted based on 
measurements of 
14
C free coal processed through the full protocol. For Canadian samples, the 
particulate organic carbon composition, including the OC percentage and the radiocarbon activity, 
from suspended sediment and bed material samples collected in 2010 and 2011 were taken from 
published work (Hilton et al., 2015). 
 
2.9 Summary 
This research has successfully applied a range of geochemical techniques to quantify the chemical 
characteristics of river waters, river sediments and soils in the mountainous river catchments of 
New Zealand, the Mackenzie River Basin, Canada, and Iceland. Data acquired include major 
element data, total organic carbon and its isotopes, Re concentration, Mo concentration and Mo 
isotope composition.  
 
The key points to summarise in relation to the coming Chapters 3 to 5 are that two procedures 
capable of measuring Re concentrations in river water samples have been assessed. During the 
development of the aims and objectives of this research, [Re]diss in natural river water samples were 
measured by the direct calibration method from the study locations in New Zealand, Canada and 
Iceland (see Chapters 3–5). This method proved to be most suited for quantifying Re abundance 
when concentrations exceed ~0.5–1.0 pg g-1 and it is worthy of future development due to the small 
demands on sample size and sample preparation time. The second method used isotope dilution 
combined with a Re extraction and purification technique involving anion-exchange column 
chemistry. This process demands more sample, consumables, and time, but it was found to improve 
precision and yield accurate results across a wide range of concentrations. The two techniques were 
found to agree closely across a wide range of concentrations, but there was a tendency for the 
direct calibration data to be offset to higher values at the lower Re concentrations. This may reflect 
the bias of quantifying concentrations close to machine detection limits. The first analyses of 
[Re]diss by ID Q-ICP-MS for the river water standard SLRS-5 are provided. They agree with 
published inter-laboratory comparisons, and provide a more precise value for this reference 
material (59.8 ± 1.7 pg g
-1
, n = 12, ±2 SE). For solid samples, a NaOH-acetone extraction 
technique may be used with isotope dilution to quantify Re concentrations to a precision of <1%. 
Analyses of total digests for two contrasting rock certified and in house standards (SCO-1 and 
SCB-1) confirmed the accuracy of the methodology. 
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For Mo, there was a general agreement between concentrations of Mo in river water samples 
quantified by direct calibration Q-ICP-MS and a double spike – column chemistry MC-ICP-MS 
method (to within ~12%). The Mo concentrations in solid samples were most accurately quantified 
as an output of the double spike isotope dilution method, alongside Mo isotope measurements on 
the same sample aliquots; this was confirmed by accurate IAPSO and BHVO-1 data quantified by 
this method. The Mo isotope composition of samples was determined using previously published 
double spike and column chemistry methods, and returned a long-term precision of ~0.05‰ on the 
reference materials IAPSO and BHVO-1.  
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Chapter 3 
 
 
Mountain glaciation drives rapid 
oxidation of rock-bound organic carbon 
 
 
 
 
Fox glacier and river in the western Southern Alps, New Zealand; September2014 
 
 
 
Summary: Dissolved rhenium fluxes reveal that mountain glaciation can triple the CO2 
released during oxidative weathering of organic carbon in rocks.
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Abstract 
Over millions of years, the oxidation of organic carbon contained within sedimentary rocks is one 
of the main sources of carbon dioxide to the atmosphere, yet the controls on this emission remain 
poorly constrained. We use rhenium to track the oxidation of rock-bound organic carbon in the 
mountain catchments of New Zealand, where high rates of physical erosion expose rocks to 
chemical weathering. Oxidative weathering fluxes are two to three times higher in catchments 
dominated by valley glaciers and exposed to frost-shattering processes, compared to those with less 
glacial cover; a feature that we also observe in mountain catchments globally. Consequently, we 
show that mountain glaciation can result in an atmospheric carbon dioxide source during 
weathering and erosion, as fresh minerals are exposed for weathering in an environment with high 
oxygen availability. This provides a counter-mechanism against global cooling over geological 
timescales.  
 
3.1 Introduction 
The exposure of organic matter in rocks to oxidative weathering at Earth’s surface releases carbon 
dioxide (CO2) to the atmosphere from long-term (>10
6
 years) storage in the lithosphere and 
consumes atmospheric oxygen (O2) (Petsch, 2014; Berner and Canfield, 1989; FranceLanord and 
Derry, 1997). The global CO2 emissions from the oxidation of rock-derived organic carbon 
(petrogenic OC, OCpetro) are estimated to be 40–100 Mt C yr-1 (Petsch, 2014). Over million year 
(geological) timescales, this represents the main source of atmospheric CO2 alongside volcanism 
and metamorphism (Berner and Canfield, 1989; FranceLanord and Derry, 1997; Petsch, 2014, 
Berner and Caldeira, 1997), and plays a role in setting atmospheric O2 concentrations (Berner and 
Canfield, 1989; Stolper et al., 2016). Geological CO2 emissions are removed from the atmosphere 
by chemical weathering of silicate minerals by carbonic acid coupled to carbonate precipitation 
(Maher and Chamberlain, 2014; Berner and Caldeira, 1997), and the burial of recently 
photosynthesized OC (FranceLanord and Derry, 1997; Hayes et al., 1999). These atmospheric CO2 
drawdown mechanisms are regulated by erosion, temperature and runoff and are thought to 
stabilize CO2 concentrations and global climate (Maher and Chamberlain, 2014). However, we 
have little understanding of the factors controlling OCpetro oxidation rate (Petsch et al., 2000; Hilton 
et al., 2014; Petsch, 2014) and hence how millennial-scale changes in climate (Zachos et al., 2001) 
might modify this major CO2 emission.   
 
Chemical weathering of OCpetro proceeds as surficial gases and fluids permeate through 
sedimentary rocks, oxidizing organic matter and releasing CO2 (Petsch, 2014). The kinetics of 
OCpetro weathering appear to be ~10 times faster than the kinetics of silicate mineral weathering 
(Chang and Berner, 1999). Faster reaction kinetics imply that shorter fluid residence times are 
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required to reach chemical equilibrium and maximize weathering fluxes during OCpetro oxidation 
(Maher and Chamberlain, 2014), compared to acid-hydrolysis silicate weathering (West, 2012; 
Maher and Chamberlain, 2014). When considered together with the high concentrations of O2 in 
the present day atmosphere, weathering models suggest that the OCpetro oxidation rate is set by the 
mineral supply rate in most locations globally (Bolton et al., 2006). Microorganisms may also be 
important facilitators of OCpetro oxidation (Petsch et al., 2001). On the basis of these observations 
we propose that mountain glaciation could significantly enhance OCpetro oxidation rates due to a 
combination of physical and biogeochemical factors: i) frost-cracking and abrasive glacial grinding 
processes, which produce fine sediment with more surface area in an environment with high water 
availability (Hales and Roering, 2009; Anderson, 2005); ii) lower vegetation and soil cover that can 
increase the availability of O2 to exposed bedrock and in deeper soil horizons; and iii) the activity 
of microorganisms catalysing weathering, both subglacially and during primary ecological 
succession on moraines (Petsch et al., 2001; Bardgett et al., 2007; Tranter et al., 2002; Wadham et 
al., 2004). Previous work has suggested that sulfide oxidation is enhanced subglacially (Tranter et 
al., 2002; Jacobson et al., 2003). If OCpetro oxidation rates also increase, CO2 release may be highest 
during periods of repeated mountain glaciation over millennia (Herman et al., 2013) and may 
provide a mechanism to counter cooling trends in Earth’s climate over timescales of 100 kyr to 
millions of years. 
 
Here, we examine the potential for mountain glaciation to increase OCpetro oxidation rates. We 
focus on the mountain catchments of the western Southern Alps, New Zealand, where lithological 
contrasts are relatively small along-strike of the Alpine Fault (Hilton et al., 2008), but glacial 
coverage is variable (NSIDC, 2016) (Figure 3.1). Previous work has suggested that high silicate 
weathering rates (Jacobson et al., 2003; Lyons et al., 2005) are facilitated by rapid soil production 
(Larsen et al., 2014) and mineral supply by bedrock landslides (Emberson et al., 2016). Here, we 
assess the rates of oxidative weathering and the role of mountain glaciers using river water and 
sediment samples from 13 catchments (section 3.2). We also collected samples from two 
catchments in the eastern Southern Alps that host glaciers, but have lower physical erosion rates, 
and from the Waipaoa River in North Island, which has a high erosion rate but no glaciers (Lyons 
et al., 2005). In addition, we compile measurements from mountain catchments draining OCpetro-
bearing sedimentary rocks in North America (Yukon and Mackenzie) and Asia (Taiwan rivers, 
Ganges and Brahmaputra) (Hilton et al., 2014; Miller et al., 2011). 
 
To assess and quantify OCpetro oxidation rates, we measured the concentration of the redox sensitive 
trace element rhenium (Re) in river waters ([Re]diss), river bed materials ([Re]BM) and weathered 
colluvium and surface soils on hillslopes ([Re]COL) using isotope dilution and inductively coupled 
plasma mass spectrometry (ICP-MS). The close association of Re and OCpetro in sedimentary rocks 
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(Selby and Creaser, 2003) and the solubility of Re upon oxidation during weathering (Colodner et 
al., 1993) (present as the soluble perrhenate oxyanion, ReO4
-
, in soils and rivers with pH values 
between 5.5 and 9.5) have led previous studies to suggest that Re can trace OCpetro oxidation 
(Petsch, 2014; Hilton et al., 2014; Jaffe et al., 2002; Dalai et al., 2002). For river catchments with 
similar runoff and bedrock composition, the dissolved Re concentration, [Re]diss, has been shown to 
reflect the relative rate of oxidative weathering (Hilton et al., 2014). The dissolved Re discharge 
(mol yr
-1
) or dissolved Re yield (mol km
-2
 yr
-1
) provides a more direct means to quantify the 
oxidative weathering rate (Petsch, 2014; Hilton et al., 2014; Jaffe et al., 2002; Dalai et al., 2002). It 
has been used to estimate the associated CO2 emissions by OCpetro oxidation when the Re to OCpetro 
ratio of the rocks undergoing weathering has been characterized (Hilton et al., 2014). The main 
uncertainties in the use of the Re proxy derive from the following: i) as a soluble element, Re may 
be mobilized more effectively during weathering than the CO2 derived from OCpetro oxidation 
(Jaffe et al., 2002); ii) Re may be hosted in silicate and sulfide minerals (Miller et al., 2011); and 
iii) graphitic OCpetro is less susceptible to oxidation (Galy et al., 2008).  
 
3.2 Materials and Methods  
3.2.1 Sample collection  
Samples were collected from 13 catchments in the western Southern Alps, which drain to the west 
of the main divide, two draining the eastern Southern Alps to the east of the main divide and the 
Waipaoa River in North Island, New Zealand (Figure 3.1, Tables 3.1, 3.2 and 3.3). Together, these 
catchments allowed us to examine the dual roles of physical erosion rate (Hilton et al., 2014) and 
glacial coverage on OCpetro weathering. The Southern Alps is a steep mountain belt built by 
transpression along the Alpine Fault. The western flank has a temperate climate, with a high 
erosion rate driven by orographic precipitation, exceeding 8 m yr
-1
, steep slopes and bedrock 
landslides, which expose OCpetro in meta-sedimentary rocks (Hovius et al., 1997). Previous work 
has documented high rates of silicate and carbonate weathering in the western Southern Alps 
(Jacobson et al., 2003; Lyons et al., 2005). Erosion dominates the denudation, with the largest 
percentage of chemical denudation occurring in the Haast catchment (5%: Lyons et al., 2005). 
Along the western Southern Alps, the metamorphic grade varies perpendicular to the Alpine Fault 
strike, but the sedimentary protolith is similar in all catchments and the OCpetro content ranges from 
~0.1 to ~0.2% (Hilton et al., 2008; Nibourel et al., 2015). In contrast, there are significant 
differences in glacial coverage including two catchments with large valley glaciers (Waiho and 
Fox) and some frontal catchments with minimal glacial coverage (e.g. Waitangitaona). The eastern 
Southern Alps is also dominated by glacial processes but experiences lower precipitation (< 2 m yr
-1
), 
lower rates of bedrock landsliding (Hales and Roering, 2009) and slower long-term exhumation 
rates (Tippett and Kamp, 1993). As a result, the chemical denudation rates are also lower (Jacobson 
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and Blum, 2003). The Waipaoa River in North Island, New Zealand, drains lower metamorphic 
grade OCpetro-bearing sedimentary rocks at high erosion rates but lacks glacial influence (Leithold 
et al., 2006; Gomez et al., 2003).  
 
To assess OCpetro oxidation in the western Southern Alps, we sampled the dissolved products of 
chemical weathering, weathered colluvium on hillslopes, and relatively un-weathered river bed 
materials of sand and finer grade. River waters (n = 51) were collected from the centre of river 
channels at their surface. Catchments were sampled 2–6 times over 1 month (14/09/14 – 03/10/14) 
at variable flow to examine the hydrological variability of dissolved ions released from chemical 
weathering (Maher, 2011). Water samples were decanted to sterile plastic containers prior to 
filtration through 142 mm diameter, 0.2 µm polyethersulfone (PES) filters within a day of 
collection and stored in acid-cleaned low-density polyethylene (LDPE) bottles. Alkalinity 
measurements were made by Gran titration on an aliquot of filtered water. All water samples 
intended for cation and Re analysis were acidified in the field to pH ~2 (Dalai et al., 2002; Hilton et 
al., 2014) with an unacidified aliquot kept for anion analyses. Two 250 mL rainwater samples were 
collected over 10 h periods (Table 3.1).  
 
In the western Southern Alps, soils are thin and weathering profiles are often poorly developed 
(Larsen et al., 2014). Landslide-derived colluvium is an important locus of weathering (Emberson 
et al., 2016). Therefore, to characterize Re and OCpetro behaviour in the weathering zone, we 
collected ~500 cm
3
 sized bulk samples of weathered colluvium at discrete depths between 10 and 
70 cm below the soil surface at three sites on the forested hillslopes of Alex Knob, which drains to 
the Docherty Creek catchment. We also collected surface soil samples from the upper 3 cm that 
comprised a mixture of litter and mineral soil (n = 5) using a metal trowel and transferred samples 
to sterile plastic bags (Table 3.2).  
 
River bed material samples (n = 31) were also collected to help constrain the composition of 
unweathered materials (Hilton et al., 2014) (Tables 3.2 and 3.3). Samples were taken from channel 
edges or from bank deposits that were taken to represent the sand to silt fraction deposited on the 
river bed during recent flow regimes, and transferred to sterile plastic bags. River water samples 
and bed materials were also collected from the eastern Southern Alps and Waipaoa River using 
these methods (Table 3.1 & Table 3.3). 
 
3.2.2 Geochemical analyses 
Dissolved rhenium concentrations in river water samples, ([Re]diss, pmol L
-1
), were measured by 
isotope dilution – quadrupole ICP-MS (Q-ICP-MS) in conjunction with anion-exchange column 
chemistry to pre-concentrate and purify Re. Between 30 and 500 mL of the water samples were 
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doped with a known amount of tracer solution consisting of enriched 
185
Re and evaporated to 
dryness, with the dried sample dissolved in HNO3 prior to anion-exchange column chemistry. 
 
Solid samples (surface soil, weathered colluvium and river bed materials) were ground to a fine 
powder prior to acid digestion to generate an integrated bulk sample. Homogenizing bedload 
samples permitted an assessment of the average Re composition of the rocks at the catchment-scale 
for each river because fluvial transit times are short. A known weight of powder (~0.5 g) was 
doped with a known amount of 
185
Re spike and digested in a 6:3 HF-HNO3 mix (9 mL) for 24 
hours at 120ºC and then evaporated. The dried sample was further digested in a 2:1 mix of HNO3
-
HCl (3 mL) for 24 h at 120ºC, and then evaporated. Rhenium was isolated and purified using a 
NaOH-acetone solvent extraction methodology (Cumming et al., 2013). 
 
The Re isotope composition of the purified Re aliquots were determined in a 0.8M HNO3 medium 
using a Thermo Fischer Scientific X-Series Q-ICP-MS at Durham University. The procedural 
blank was ~1% of the lowest concentration samples. Uncertainties in the Re abundance were 
determined by error propagation of uncertainties in Re mass spectrometry measurements, blank 
abundance and isotope compositions, spike calibrations and reproducibility of standard Re isotope 
values. Repeat analyses of [Re]diss in a river water standard, SLRS-5, gave a concentration of 59.8 
± 1.7 pg g
-1
 (n = 12, ±2 SE), in agreement with the previously reported value of 66 ± 12 pg g
-1
 
(Yeghicheyan et al., 2013).  
 
Major ion concentrations in water samples were analysed by ion chromatography. Cation and anion 
standards and a certified reference standard (Lethbridge-03) were run to validate the analytical 
results. The HCO3
-
 concentration was estimated using the total alkalinity, temperature, and pH 
(measured in the field) data inputted to CO2SYS (Lewis, 1998). The charge balance of dissolved 
cations (TZ
+
 = Na
+
 + K+, 2Mg
2+
 +2Ca
2+
) and dissolved anions (TZ
-
 = Cl
-
 + HCO3
-
 + 2SO4
2-
) was 
determined ([TZ
+
 - TZ
-
]/[TZ
+
 + TZ
-
]) as a measure of data quality (Jacobson et al., 2003). This was 
11% across all samples, within the combined uncertainty and similar to previous work in this 
location (Jacobson et al., 2003).  
 
In river bed materials, surface soils, and weathered colluvium, the organic carbon concentration 
([OC], %) was measured following a 0.2M HCl leach protocol (Galy et al., 2007), which was 
tested on samples from this location to ensure full removal of detrital carbonates. Aliquots of 
samples were combusted and the concentration and stable isotope composition of OC (d
13C, ‰) 
were determined using a Costech elemental analyser coupled to a Thermo Fischer Scientific Delta 
V Advantage isotope ratio mass spectrometer (EA-IRMS) at Durham University. Corrections for 
procedural and instrument blanks were applied and the result normalized to the composition of 
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international standards (reported relative to the Vienna Pee Dee Belemnite (VPDB) with a 
precision of 0.2‰). The radiocarbon activity (reported as the Fraction Modern, Fmod) was measured 
on four colluvium samples and two soil litters by Accelerator Mass Spectrometry (AMS) at the 
University of California, Irvine Keck Carbon Cycle facility, following graphitization. Sample 
preparation background was subtracted based on measurements of 
14
C free coal processed through 
the full protocol (Table 3.2).    
 
3.2.3 Quantification of OCpetro oxidation rate and its uncertainty  
To convert the dissolved Re flux to an estimate of CO2 release (Equation 3.1), there are known 
uncertainties related to the behaviour of Re and OCpetro during weathering (Hilton et al., 2014; 
Petsch, 2014). The main uncertainties in this setting are as follows: (i) because Re is a soluble 
element, oxidative weathering may mobilize Re more effectively during early soil formation, 
meaning that some Re measured in river waters does not correspond to release of CO2 at the 
weathering site (Jaffe et al., 2002); (ii), partly related to (i), some dissolved Re may come from 
sulfide and silicate minerals (Hilton et al., 2014; Miller et al., 2011); and (iii) graphitic OCpetro may 
not be susceptible to oxidation and remain in the soil (Galy et al., 2008; Bouchez et al., 2010). 
Regarding point (i) and (ii), soils from Taiwan suggest congruent dissolution of Re and loss of 
OCpetro can occur during weathering of young, thin soils (Hilton et al., 2014). On a soil profile on 
OCpetro rich shale from Ohio (Jaffe et al., 2002), Re-depletion reaches 100% in the most highly 
weathered soil, whereas OCpetro loss is ~70% (Table 3.2). The data from weathered colluvium in the 
western Southern Alps are more consistent with the Ohio Shale than Taiwan. For point (iii), 
graphite is present in rocks within a kilometre of the Alpine Fault making up almost 50% of the OC 
(Nibourel et al., 2015), and its measured abundance decreases to small amounts ~10–20 km from 
the Alpine Fault (Beyssac et al., 2016).  
 
To account for and quantify the uncertainties on the CO2 flux estimate we used a Monte Carlo 
simulation. This includes uncertainty on the dissolved Re flux (section 3.3.3), the measured 
variability in [OC]BM/[Re]BM, and the assumptions (i), (ii) and (iii) above. For each catchment (area 
= A km
2
), we used ±2 SE on the mean for the [Re]diss and the [OC]BM/[Re]BM ratio. To account for 
the relative mobility of Re and OCpetro during weathering (Jaffe et al., 2002), we defined fC as the 
ratio between the percentage loss of OCpetro in soil compared to bedrock and the percentage loss of 
Re in soil compared to bedrock. We also use this term to account for any Re derived from non-
OCpetro sources. Based on published work, we varied fC from 0.5 to 1 (Hilton et al., 2014; Jaffe et 
al., 2002). To account for the presence of graphite which may not be oxidised, we varied the 
fraction of OCpetro as graphite (fgraphite) from 0.5 to 0, informed by measurements from the study 
location (Nibourel et al., 2015). The CO2 oxidation flux, JCO2 (gC km
-2
 yr
-1
) was then calculated 
using Equation 3.1. 
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Equation 3.1  JCO2 = JRe × ([OC]BM/[Re]BM) × fC × (1 – fgraphite)   
 
The Monte Carlo simulation was run 100,000 times for each catchment, with a ‘full probability’ 
distribution for each variable. We report the median value ±1 standard deviation range. This 
reflects the present state of knowledge of the Re-proxy for OCpetro oxidation. Future work should 
seek to refine this approach and reduce the uncertainties, for a better understanding of fC and fgraphite. 
By doing so it may be possible to quantify catchment scale fluxes using Re measurements more 
widely (Petsch, 2014).  
 
3.2.4 Quantification of glacier cover using the World Glacier Inventory 
The relative importance of glacial processes in the catchments of the western Southern Alps was 
quantified using glacier locations and areas from the World Glacier Inventory (NSIDC, 2016). The 
total sum of glacier area (km
2
) was quantified for each catchment using ArcGIS, with flow routing 
algorithms to isolate drainage areas (Table 3.4). In the global dataset, published estimates were 
used.  
 
3.2.5 Biospheric OC erosion and burial 
Previous work has estimated the erosion rate of biospheric OC in catchments of the western 
Southern Alps (Hilton et al., 2008). To estimate how this contributes to CO2 drawdown, we 
required an estimate of the burial efficiency of OC. Based on a recent global compilation (Galy et 
al., 2015), the sediment yield to an offshore basin plays an important role in setting the burial 
efficiency of OC. This is because sediment accumulation rate is a first order control on OC burial 
efficiency in many marine environments (Blair and Aller, 2012). Using the sediment yield of 
~6,000–10,000 t km-2 yr-1 for the western Southern Alps (Hilton et al., 2008), the burial efficiency 
would be predicted to be from ~40% to 100% based on the global dataset (Galy et al., 2015). A 
high burial efficiency would be consistent with the very high preservation potential of terrestrial 
palynomorphs offshore from the western Southern Alps (Ryan et al., 2016). To provide a 
conservative estimate of biospheric OC burial, we used the lowest value in this range (40%) and 
multiplied the erosional export flux (Hilton et al., 2008) by the OC burial efficiency to estimate 
CO2 drawdown by biospheric OC erosion.   
 
3.3 Results  
3.3.1 River bed materials  
The mean organic carbon (OC) weight percentage in river bed materials, [OC]BM, from the western 
Southern Alps is 0.13 ± 0.01 wt. % (n = 31, ±2 SE) and the mean stable carbon isotope 
composition is d
13
C = -22.5 ± 0.6‰ (n = 31, ±2 SE). For comparison, the [OC]BM values are lower 
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than those in Taiwan (Hilton et al., 2014) but more than double those measured in the Himalaya 
(Galy et al., 2008). The mean values of river bed materials are similar to previous measurements 
from this location (Hilton et al., 2008; Nibourel et al., 2015) and to the mean of bedrock values in 
the western Southern Alps, [OC] = 0.15 ± 0.05 wt. % and d
13
C = -21.1 ± 1.1‰ (n = 11, ±2 SE) 
(Hilton et al., 2008), suggesting that they are dominated by OCpetro, with minor inputs from 
biospheric OC generated by recent photosynthesis by C3 plants (d
13
C ~ -28‰). The river bed 
materials have less variability in their average composition when compared to bedrock, which 
likely reflects the integration of OCpetro-bearing sediment from landslides and mass wasting 
processes, which can erode OCpetro from large areas of the catchment (Hovius et al., 1997; Reusser 
and Bierman, 2010). The river sediments downstream are a mixture of these inputs (Hilton et al., 
2008). Although the river bed materials have a slightly lower OC concentration than bedrock in the 
mountain belt, they are indistinguishable within the variability in the means and can therefore 
provide a robust method to assess the catchment-averaged bedrock composition (Galy et al., 2008; 
Hilton et al., 2008; Dellinger et al., 2014). This is consistent with findings in other erosive settings 
where bedrock landslides excavate deep into the landscape, tap into unweathered rock, and supply 
it to rivers in the sand-silt-clay fraction of river sediments (Hilton et al., 2011).  
 
The mean Re concentration in river bed materials, [Re]BM, is 118 ± 21 pg g
-1
 (n = 31, ±2 SE) (Table 
3.3). Although this Re concentration is low for sedimentary rocks (Dubin and Peucker-Ehrenbrink, 
2015), it is in line with the low [OC]BM in the western Southern Alps and consistent with organic 
matter being a dominant host of Re in sediments (Selby and Creaser, 2003). The mean 
[Re]BM/[OC]BM ratio is 0.9 ± 0.2 × 10
-7
 g g
-1
 (n = 31, ±2 SE) and there is no systematic variability 
along-strike of the Alpine Fault (that is, no variability with latitude and longitude).  
 
3.3.2 Weathered colluvium 
Samples of weathered colluvium collected from hillslopes in the western Southern Alps are 
examined for loss of OCpetro and Re (Table 3.2). In the Docherty Creek catchment, which 
neighbours the Waiho River, weathered colluvium has a low mean [Re]COL = 29 ± 6 pg g
-1
 (n = 4, 
±2 SE), compared to local river bed materials downstream (NZ14-90, [Re]BM = 112 pg g
-1
). Soil 
litter samples are also depleted in Re (Table 3.2). This is expected if Re loss occurs during 
oxidative weathering. The mean OC content of the colluvium, [OC]COL = 1.2 ± 0.3 wt. % (n = 4, ± 
2SE), is higher than that of the local river bed materials (NZ14-90, [OC]BM = 0.21 wt. %). 
However, organic matter in the colluvium has a stable isotope composition (mean d
13
C = -25.9 ± 
0.4‰) and radiocarbon activity (reported as fraction modern, Fmod = 0.80 ± 0.09) that are very 
different from the expected rock inputs (NZ14-90; d
13
C = -21.2‰, and expected Fmod ~ 0). The 
values suggest an important contribution from biospheric OC in these samples (Hilton et al., 2008). 
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To assess the OCpetro content of the weathered colluvium samples and to account for OC derived 
from recent productivity (biospheric OC), we adopted a mixing analysis based on observations of 
d
13
C and Fmod values. The 
14
C activity of sedimentary rocks is generally considered to be below the 
analytical background, i.e. Fmod = 0, and thus is distinct from modern biospheric OC (Fmod ~ 1) and 
degraded soil of ~1000 years old (Fmod ~0.9). The d
13
C of OCpetro in the Southern Alps is 
13
C-
enriched (d
13
C ~ -21 to -22‰) compared to the terrestrial biosphere (dominated by C3 plants) 
(Hilton et al., 2008).  
 
The stable isotope composition of an element shown against the reciprocal of its concentration can 
reveal mixing trends, or processes that alter the concentration and fractionate isotopes. Surface soil 
litters are OC-rich and 
13
C-depleted, and they describe a linear trend between d
13
Corg and 1/[OC], 
albeit one that only describes ~40% of the variability in the data (Supplementary Figure 3.1A). 
This is consistent with the degradation of plant-derived OC in surface soils, loss of OC and 
enrichment in 
13
C. In contrast, the weathered colluvium samples define a different linear trend, 
which we interpret as a mixture of degraded biospheric organic matter (originally derived from the 
surface soil) with 
13
C-enriched, OC-poor material from the sedimentary rocks (Supplementary 
Figure 3.1B). The intercept of these two trends implies that the degraded soil OC has a value of   
-26.8 ± 0.8‰ (propagating the 95% uncertainty bounds on the linear trends). 
 
The weathered colluvium samples are also 
14
C-depleted (Supplementary Figure 3.1B), which is 
consistent with OCpetro addition. The samples can be described by a linear trend between Fmod and 
d
13
Corg that intercepts biospheric and petrogenic OC (Supplementary Figure 3.1B). Using the 
‘degraded soil’ d13Corg value (Supplementary Figure 3.1A) and the trend defined by the samples, we 
estimated the Fmod of the biospheric OC in these samples as Fmod = 0.93 ± 0.36. These values and 
their uncertainties were used in a two component end member mixing model (Leithold et al., 2006) 
to quantify the fraction of OCpetro (fpetro) and the corresponding [OC]petro (fpetro × [OC]) (Table 3.1). 
The high [OC]COL of these samples and the relatively low OCpetro content of rocks in this mountain 
range (Hilton et al., 2008), together with the observation that century aged biospheric OC is 
important in these New Zealand soils (Supplementary Figure 3.1), result in uncertainty on the 
absolute OCpetro contents. Additional aging of biospheric OC would act to reduce the Fmod of the 
biospheric OC. We therefore calculated an upper bound on the [OCpetro] and a lower bound on the 
loss of OCpetro during weathering. The weathered colluvium samples had an average [OCpetro] = 
0.15 ± 0.06% (n = 4, ±2 SE), which is lower than that of the local river bed materials in this 
catchment [OC]BM = 0.21% (Table 3.2). The data are consistent with OCpetro loss during weathering 
on hillslopes. The coupled loss of Re and OCpetro during chemical weathering supports previous 
measurements on soil from the Ohio Shale (Table 3.2) (Jaffe et al., 2002), the Himalaya (Pierson-
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Wickmann et al., 2002) and Taiwan (Hilton et al., 2014). The weathered colluvium from New 
Zealand and published soil data show that Re is generally more mobile during OCpetro weathering, 
and so we account for this when estimating the OCpetro weathering rate using the dissolved Re flux.  
 
3.3.3 River waters 
The major dissolved ions in rivers draining the western Southern Alps (Ca
2+
, Mg
2+
, Na
+
 and K
+
) 
characterize the overall weathering processes and reflect a source rock comprising meta-
sedimentary silicate rocks hosting trace carbonate minerals (Supplementary Figure 3.2A). The 
water measurements from this study in 2014 are consistent with sampling campaigns in 1998, 1999 
and 2000 (Lyons et al., 2005; Jacobson et al., 2003). Notably, all sampling campaigns find higher 
relative HCO3
- 
and Ca
2+
 concentrations in the heavily glaciated Fox and Waiho rivers 
(Supplementary Figure 3.2A), which probably reflects the higher susceptibility of carbonate 
minerals to acid hydrolysis reactions in these catchments. The overlap of the datasets collected 
from different years, seasons and flow regimes (Supplementary 3.2A and 3.2B) suggests that 
spatial patterns in dissolved ion composition are retained despite the potential for seasonal and 
flood-event scale variability (Maher, 2011).  
 
The [Re]diss values in the western Southern Alps rivers range from 0.81 to 11.55 pmol L
-1
, with a 
mean [Re]diss = 3.05 ± 0.69 pmol L
-1
 (n = 51, ±2 SE) (Table 3.1). There is distinct variability 
between different catchments (Figure 3.1), with the Waiho and Fox catchments having the highest 
mean [Re]diss values throughout the sampling period. Mean [Re]diss is not correlated with [Re]BM in 
the western Southern Alps, suggesting that the bedrock geology does not set the spatial pattern in 
[Re]diss. When all the data are considered together, the catchment-averaged [Re]diss is correlated 
with the proportion of area covered by glaciers upstream (Figure 3.1B, r
2
 = 0.87, P < 0.001, n = 
13).  
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Figure 3.1 The western Southern Alps, New Zealand. A. Catchments for the central part of the study area 
where glacier area varies most, with catchment boundaries marked in white. The black line is the Alpine 
Fault trace. Image is Landsat ETM (Enhanced Thermatic Mapper) (31/12/2002) shown to illustrate glacial 
coverage. The catchment averaged dissolved rhenium concentration, [Re]diss (pmol L
-1
), is shown as the 
circle size and the shading reflects the percentage catchment area with glaciers (NSIDC, 2016). Inset shows 
the location of the study area on South Island, New Zealand. B. Positive relationship between catchment 
averaged [Re]diss and the percentage of the catchment area covered by glaciers (n = 13, r
2
 = 0.87, P < 0.001). 
Grey whiskers are ±2 SE on the mean [Re]diss values.  
 
The [Re]diss values are generally low compared to those measured in river waters globally (Miller et 
al., 2011) and in rivers draining meta-sedimentary rocks in Taiwan, which have values ranging 
from ~5–25 pmol L-1 (Hilton et al., 2014). However, when [Re]diss values are normalized to the 
concentration of Re in river bed materials, [Re]BM (Hilton et al., 2014; Dellinger et al., 2014; Galy 
et al., 2008), the values are more similar to those in Taiwan. In the western Southern Alps, 
catchments dominated by river erosion and bedrock landslides (that is, not by glacial erosion 
processes) have a mean [Re]diss = 1.92 ± 0.76 pmol L
-1
 and mean [Re]BM = 105 ± 20 pg g
-1
, giving a 
[Re]diss/[Re]BM = 3.4 ± 1.4 × 10
-3
 (pg g
-1
 / pg g
-1
), which is slightly higher than those measured in 
Taiwan, where the average [Re]diss/[Re]BM is 3.3 ± 0.5 × 10
-3
. The two mountain belts have 
comparable physical erosion rates (Lyons et al., 2005; Hilton et al., 2014), suggesting that Re 
mobility is similar between the sites despite the contrasts in bedrock geology. The [Re]diss/[Re]BM 
values are more than double in the Waiho and Fox catchments that host valley glaciers and have 
extensive glacial coverage.  
 
3.3.4 Dissolved Re flux 
To estimate oxidative weathering yields, we quantified the dissolved Re yield (mol km
-2
 yr
-1
) in 
catchments where we have annual water discharge estimates (Hicks et al., 2011). These are in the 
Hokitika, Whataroa, Haast and Waiho rivers (Tables 3.4 and 3.5). Our river water samples from 
2014 cover a relatively narrow dynamic range in water flow especially in the glacial catchment    
(~ 0.5 times to 1.5 times mean flow values), but do not show significant dilution at higher flow 
(Supplementary Figure 3.2C and Table 3.5). This suggests that the annual water discharge (Qannual, 
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m
3
 yr
-1
) (Hicks et al., 2011) and our mean [Re]diss for each large catchment can together provide a 
reliable estimate of dissolved Re flux. To assess the role of seasonal and/or inter-annual variability, 
we plot our major ion data (e.g. Ca
2+
) alongside daily water discharge (Qw, m
3
 s
-1
) for the Whataroa 
and Hokitika catchments and compare this to published data from 1998–1999 (Lyons et al., 2005) 
and 2000–2001 (Jacobson et al., 2003) (Supplementary Figure 3.2B). The broad consistency in ion 
concentrations and ion ratios suggest that annual and seasonal variability may be of second order 
importance when compared to contrasts between different catchments.  
 
To assess in more detail whether the average of the ion concentrations collected at low Qw may 
overestimate the dissolved ion flux, if ions are diluted at high flow (Maher, 2011), we compared 
the flux calculated using an average concentration method, to that calculated by a rating curve 
method (taking into account dilution) using published datasets from the study location (Lyons et 
al., 2005). For these data, the average measured [Ca
2+
] multiplied by the mean annual runoff 
returns a Ca
2+
 flux of 4.21 × 10
8
 mol yr
-1
 for the Hokitika River. If we model the [Ca
2+
]-Qw 
relationship (Supplementary Figure 3.2B) as a power law rating curve (Tipper et al., 2006) and 
apply it to the daily Qw data from 1971–2015, the annual Ca2+ flux = 4.39 × 108 mol yr-1. The 
methods agree within 4%, with the average concentration method slightly underestimating flux. In 
comparison, for the SO4
2-
 flux, which also shows dilution with Qw in published data (Lyons et al., 
2005), the difference in estimated fluxes is 3%. Assuming similar dilution trends for [Re]diss as for 
[Ca
2+
] and [SO4
2-
], which is suggested based on the available data (Supplementary Figure 3.2C), 
results in a <5% underestimation of flux. While longer-time series sampling would be informative 
for tracking the dissolved ion source and linking it to hydrological pathways (Tipper et al., 2006; 
Maher, 2011), an average concentration with an accuracy of within ~5% is adequate for calculating 
the Re flux. Rainwater and hydrothermal water samples (Table 3.1) have very low [Re]diss (<0.2 
pmol L
-1
) so no correction is made to the Re flux from these inputs. 
 
3.3.5 Global compilation 
Published data are compiled from catchments around the world that allow for a comparison to our 
findings in New Zealand (Table 3.6). The required data are as follows: i) dissolved Re 
concentration, [Re]diss; ii) catchment-averaged bedrock Re composition, an indication of which is 
provided by [Re]BM; iii) annual water discharge, to estimate dissolved Re yield; and iv) suspended 
sediment yield as a proxy of physical erosion rate (Miller et al., 2011; Hilton et al., 2014; Hilton et 
al., 2008; Hicks et al., 2011; Korup, 2004; Jacobson et al., 2003; Dadson et al., 2003; Galy et al., 
2015; Dornblaser and Striegl, 2009). We also add new measurements of river water and bed 
material samples from the Jollie and Hooker catchments draining the eastern Southern Alps, the 
Waipaoa River in North Island, New Zealand, and the Yukon River and Mackenzie River, Canada, 
which we collected using similar methods. We estimate the dissolved Re yield for each of these 
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sites and account for variability in the bedrock geology by normalizing the Re yield to the 
measured [Re]BM. We quantify the upstream area covered by glaciers from published work, or by 
using the World Glacier Inventory as we do for the western Southern Alps (see section 3.2.4). We 
find dissolved Re yield (normalized by [Re]BM) increases with increasing annual suspended 
sediment yields across the dataset (Figure 3.2), supporting previous work from Taiwan (Hilton et 
al., 2014). However, catchments with mountain glaciation upstream of the sampling locations 
(where glaciers cover >1% of the area) have a higher dissolved Re yield for a given suspended 
sediment yield (Figure 3.2).  
 
Figure 3.2 Dissolved rhenium (Re) yield in mountain catchments around the world draining 
sedimentary rocks as a function of suspended sediment yield. Dissolved Re yields (mol km
-2
 yr
-1
) have 
been normalized to river bed material Re concentration ([Re]BM, pmol kg
-1
) to account for lithological 
variability between catchments (Table 3.6). Grey whiskers show ±50% of the values. Grey symbols represent 
catchments with <0.05% of their area covered by glaciers, with the power law best fit to data shown by the 
black line and the 95% confidence intervals shown in grey (y = (4.1 ± 3.4 × 10
-9
)x
(0.7 ± 0.1)
, r
2
 = 0.82, P < 
0.001, n = 12). Blue symbols represent catchments with glaciers covering >1% of the catchment area and 
purple symbols represent catchments with the highest coverage of glaciers (>40%). Rhenium data for the 
Southern Alps, Waipaoa, and Yukon catchments come from this study; for the Yukon, data are also from 
Miller et al., 2011; for the Mackenzie the data come from Miller et al., 2011; for Taiwan, data are from 
Hilton et al., 2014; and for the Ganges and Brahmaputra catchments, data are from Miller et al., 2011. 
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3.4 Discussion 
The erosion rates in the western Southern Alps are high (4,000–10,000 t km-2 yr-1), and comparable 
to those in Taiwan (Hilton et al., 2014; Lyons et al., 2005). The similarity in Re mobility between 
these settings agrees with the notion that high erosion rates can enhance oxidative weathering of 
OCpetro and the release of Re to the dissolved load of rivers (Hilton et al., 2014). This probably 
reflects the rapid soil formation in the western Southern Alps (Larsen et al., 2014) and is consistent 
with an important role of bedrock landslides for exposing bedrock clasts in landslide deposits and 
focusing hydrological pathways in landslide scars (Emberson et al., 2016). In the global data 
compilation, we find that suspended sediment yield (a proxy for physical erosion rate) is correlated 
with dissolved Re yield (Figure 3.2). This suggests that OCpetro oxidation is supply limited in many 
locations, as predicted by the relatively fast kinetics of OCpetro oxidation and the high atmospheric 
O2 concentrations at present (Chang and Berner, 1999; Bolton et al., 2006). This contrasts with 
acid-hydrolysis weathering of silicate minerals, which is thought to be kinetically limited at the 
high erosion rates experienced in mountain belts (West, 2012; Maher and Chamberlain, 2014). The 
implication is that for catchments underlain by sedimentary rocks, increased erosion may result in 
less effective CO2 drawdown by silicate weathering, whereas CO2 release by oxidative weathering 
of OCpetro continues to increase (Figure 3.3).  
 
In the western Southern Alps, we find that glacial cover is a major control on the average [Re]diss 
measured in catchments (Figure 3.1). This is not only the case for the catchments with large valley 
glaciers (the Waiho and Fox: Figure 3.1A): glacial processes appear to enhance oxidative 
weathering to some degree in all catchments. Although this may seem to conflict with the idea that 
OCpetro oxidation in mountains is already supply limited (Hilton et al., 2014), there are 
characteristics of glacial catchments that mean that for the same physical erosion rate, oxidation 
rate may be further enhanced. These include: i) physical mechanisms that increase effective surface 
area (Anderson, 2005; Hales and Roering, 2009); and ii) biogeochemical mechanisms that increase 
O2 availability and the competitiveness of microbial communities (Bardgett et al., 2007). Physical 
mechanisms include glacial abrasion (Anderson, 2005), which can supply large quantities of fine 
material for weathering within the glacial system and in the deposited moraines. Our data show no 
evidence for the dilution of [Re]diss concentrations downstream in the Fox and Waiho catchments, 
suggesting that water seeping from moraines has a similar [Re]diss to the river water (Table 3.1) and 
that moraines are important loci for oxidative weathering reactions.  At higher elevations on steep 
rock walls, freeze/thaw cycles and frost cracking driven by sustained sub-zero temperatures and 
water availability in the porous bedrock can also increase the supply of fresh, fine material to O2 in 
the air and water (Hales and Roering, 2009). Biogeochemical factors work in parallel, with limited 
vegetation and soil development in glacial catchments resulting in less demand for oxygen by 
heterotrophic respiration (Bardgett et al., 2007). Oxygen should therefore be able to penetrate 
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deeper into exposed rock surfaces (Chang and Berner, 1999; Bolton et al., 2006). Microbial 
communities also facilitate OCpetro oxidation (Petsch, 2014; Petsch et al., 2001) and these are 
known to be active both sub-glacially (Tranter et al., 2002; Wadham et al., 2004) and in moraines 
colonized by organisms during primary succession (Bardgett et al., 2007).  
 
The mechanisms described here are not unique to catchments of the western Southern Alps, but 
should operate wherever mountain glaciation occurs on OCpetro-bearing rocks. In the glaciated 
eastern Southern Alps catchments, erosion rates are lower than those in the western Southern Alps 
(Jacobson et al., 2003; Hales and Roering, 2009; Lyons et al., 2005) and so lower OCpetro oxidation 
rates may be expected (Hilton et al., 2014). However, when compared to catchments with similar 
erosion rates in unglaciated Taiwan, the glaciated catchments have higher dissolved Re yields 
(Figure 3.2). The glacier-free Waipaoa River data are consistent with the data from Taiwan. When 
we examine larger rivers draining OCpetro-bearing sedimentary rocks (Table 3.6), we find that a 
global pattern starts to emerge. Erosion rate is a first order control on oxidative weathering rate 
(dissolved Re yield), but catchments hosting glaciers (>1% of the catchment area, e.g. Yukon, 
Brahmaputra, Ganges, Southern Alps New Zealand) have dissolved Re yields that are up to three 
times greater for a given erosion rate than catchments with very low glacial coverage, regardless of 
the basin area (Figure 3.2).  
 
The dissolved Re yield can be used to estimate the CO2 oxidation yield, JCO2 (gC km
-2
 yr
-1
), by 
OCpetro oxidation (Petsch, 2014; Hilton et al., 2014; Jaffe et al., 2002; Dalai et al., 2002). There 
must be good constraint on the Re to OC ratio of the sedimentary rocks and the behaviour of Re 
and OCpetro during weathering. In the western Southern Alps, the river bed materials provide an 
estimate of catchment-averaged [Re] and [OCpetro] and their compositions are similar to measured 
bedrocks. The weathered colluvium confirms coupled Re and OCpetro loss (Supplementary Figure 
3.1, Table 3.2) (Petsch, 2014; Hilton et al., 2014; Dalai et al., 2002). To quantify the CO2 release, 
the dissolved Re yield in grams (JRe, g km
-2 
yr
-1
) is combined with the [OC]BM:[Re]BM (g g
-1
) 
(Equation 3.1).  
 
We correct the estimated CO2 release to account for the relative mobility of Re and OCpetro during 
weathering in soils, with fC being the ratio between percentage loss of OCpetro in soil versus 
percentage loss of Re in soil. This factor also accounts for the role of sulfide and silicate minerals 
as trace sources of dissolved Re (Hilton et al., 2014; Miller et al., 2011). On the basis of the 
published data from soils (Hilton et al., 2014; Jaffe et al., 2002; Pierson-Wickmann et al., 2002) 
and our measurements from the western Southern Alps (Table 3.3), fC is expected to be <1 but 
>0.5. To account for the presence of graphite that may not be oxidised, we vary the fraction of 
OCpetro as graphite (fgraphite) from 0 to 0.5, informed by measurements from the study location 
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(Nibourel et al., 2015). The CO2 oxidation flux, JCO2 (gC km
-2
 yr
-1
), is calculated using a Monte 
Carlo simulation to account for these uncertainties (section 3.2.3).  
 
In the western Southern Alps, catchments with limited glacial coverage are estimated to release 14 
+9
/-5 tC km
-2 
yr
-1
 (Whataroa) by OCpetro oxidation using the Re proxy (Table 3.4). These are similar 
to OCpetro oxidation yields estimated in Taiwan where erosion rates are similar (Hilton et al., 2014). 
This suggests that the Re proxy is producing consistent results at the catchment-scale. The Re 
derived estimate of CO2 flux from OCpetro oxidation for the glaciated Waiho catchment is 
approximately double, at 30 
+20
/-11 tC km
-2 
yr
-1
. These values are similar to seasonal measurements 
of soil respiration in a primary succession on sedimentary rocks exposed by recent glacial retreat in 
Svalbard (~10–24 tC km-2 yr-1, based on monthly averaged data) (Bekku et al., 2004), but lower 
than typical rates of soil respiration in mineral soils that contain non-rock derived organic matter 
(Hicks Pries et al., 2017). Although the uncertainties on the CO2 fluxes are relatively large based 
on our current understanding of Re and OCpetro mobility, the difference between the glaciated 
catchments and the other catchments is larger than these uncertainties (Table 3.4).   
 
In catchments where mountain glaciers are confined to headwaters, the Re derived estimates of 
CO2 release do not negate CO2 drawdown by silicate weathering (~2–10 tC km-2 yr-1; Lyons et al., 
2005) and by erosion and sedimentary burial of biospheric OC (~40 tC km
-2 
yr
-1
;
 
Hilton et al., 
2008) (Figure 3.3). In stark contrast, the doubling of the OCpetro oxidation rate in the Waiho 
catchment converts it into a net CO2 source during erosion and weathering (Figure 3.3). At present, 
the Waiho and Fox rivers drain less than 5% of the sampled area (Figure 3.1), so the enhanced 
glacial contribution to CO2 fluxes from OCpetro oxidation has a modest influence across the 
mountain belt. However, under more heavily glaciated conditions the Southern Alps would be 
primed to act as a CO2 source. Accelerated OCpetro oxidation driven by the physical and 
biogeochemical mechanisms that we have identified may have increased CO2 emissions (Figure 
3.3). The heavily glaciated western Southern Alps catchments indicate that biospheric OC erosion 
and burial will also decrease as glacial cover increases. In addition, at high erosion rates and high 
rates of mineral supply, silicate weathering rates are very sensitive to temperature and runoff 
(West, 2012; Maher and Chamberlain, 2014) and cooler temperatures may decrease rates of CO2 
drawdown (Figure 3.3).   
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Figure 3.3 Net carbon balance due to erosion and weathering in the western Southern Alps. Two 
catchments with contrasting glacial coverage area are shown: the Whataroa (9.7% glacier coverage) and the 
Waiho (57.6% glacier coverage). The CO2 release to the atmosphere by OCpetro weathering (this study, from 
dissolved rhenium measurements) is shown alongside the CO2 drawdown by erosion and burial of biospheric 
particulate organic carbon (POCbiosphere) (Hilton et al., 2008) and silicate weathering (Lyons et al., 2005; 
Jacobson et al., 2003).  
 
3.5 Wider implications 
The global CO2 emissions by OCpetro oxidation remain to be better quantified. Nevertheless, they 
are probably as large as those from volcanic degassing (Petsch, 2014). To evaluate the strength of 
this feedback in glaciated mountain belts for counteracting global cooling, and for potentially 
having the capacity to end a glaciation, both the OCpetro presence and abundance in glaciated 
mountain ranges must be taken into account. By way of example, the Himalaya have the potential 
to be a key site for CO2 fluxes by OCpetro oxidation, because they host OCpetro bearing Tethyan 
Sedimentary Series shales at high altitudes. Furthermore, around the world rocks containing OCpetro 
have been subject to repeated mountain glaciation throughout the Late Cenozoic. Enhanced OCpetro 
oxidation in locations such as the Rockies, the Andes and the European Alps (Herman et al., 2013) 
could have driven these sites to operate as important CO2 sources, and O2 sinks, during sustained 
periods of global cooling and glaciation over 10
4
 to >10
6
 yr (Stolper et al., 2016). OCpetro oxidation 
could act in tandem with transient CO2 emissions from enhanced sulfide oxidation, and weathering 
of carbonate minerals by sulfuric acid, during glaciation (Torres et al., 2017). It may also help 
explain the apparent limit to CO2 minima in the latter part of the Cenozoic (Galbraith and 
Eggleston, 2017). At this time, falling temperatures should have encouraged the development of 
glaciers at sub-tropical latitudes and rapid rates of OCpetro oxidation in association. The additional 
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removal of O2 from the atmosphere and release of CO2 by OCpetro oxidation under this cooling 
climate should have served as a poignant forcing in the climate system. Although the global fluxes 
are difficult to quantify from the available data (Figure 3.2), enhanced OCpetro oxidation associated 
with more extensive glacial erosion processes is consistent with the ~2% decline in atmospheric O2 
recorded in ice cores over the last 800,000 years (Stolper et al., 2016). If the decline in atmospheric 
O2 results from changes in OC burial versus OCpetro oxidation alone, it implies a net CO2 release of 
~3 × 10
11
 moles yr
-1
, or ~3–4 Mt C yr-1 (Stolper et al., 2016). This corresponds to only a modest 
(~6%) increase in global OCpetro oxidation rates (Petsch, 2014) over this period in which the 
duration and intensity of glaciation increased (Herman et al., 2013). We propose that the link 
between OCpetro weathering and mountain glaciation offers a previously unrecognized feedback 
between climate and the carbon cycle where increased CO2 emissions act to counter further global 
cooling during the Late Cenozoic. 
 
3.6 Summary 
Petrogenic organic carbon oxidation generates a significant source of CO2 that is released to the 
atmosphere and it plays an important role in Earth’s long-term carbon cycle. Dissolved rhenium 
fluxes allow the oxidation of OCpetro in sedimentary rocks and the associated CO2 emissions to be 
tracked and quantified. In the western Southern Alps, we find that catchments with glaciers 
confined to headwaters experience CO2 emissions that are comparable to the magnitude of carbon 
sequestered during the weathering of silicate minerals coupled to carbonate precipitation 
(Whataroa: 14 
+9
/-5 tC km
-2 
yr
-1
). However, in stark contrast, we find that the presence of valley 
glaciers in catchments that are otherwise comparable drives enhanced rates of CO2 release by 
OCpetro oxidation: Re fluxes are tripled by 2–3 times relative to the less glaciated catchments 
(Waiho: 30 
+20
/-11 tC km
-2 
yr
-1
). We propose three mechanisms that may be important for explaining 
this trend. The first is a physical mechanism, whereby the generation of fine sediment particles 
with a reactive surface area for oxidation is increased by the presence of valley glaciers, due to the 
abrading and grinding processes associated with glacier movement. The second and third 
mechanisms are tied to biological processes. Limited soil and vegetation cover in glacial 
catchments should lower the demand for oxygen by the biosphere, meaning that more O2 is 
available for bedrock weathering. In addition, the action of microbial activity, both sub-glacially 
and in moraine deposits, may facilitate the oxidation of OCpetro in glacial environments. In the 
western Southern Alps, we calculate that the increased CO2 emissions by OCpetro oxidation in 
catchments with valley glaciers turn the net carbon budget in these sites into a net CO2 source. We 
also demonstrate a global link between elevated dissolved Re fluxes and the presence of glaciers in 
mountain catchments around the world. Consequently, this could imply that during times of global 
cooling the development of glaciers in mountainous areas could buffer global climate change: as 
CO2 emissions rise increased radiative forcing should return the planet to a warmer state. 
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3.7 Supplementary Figures 
 
 
Supplementary Figure 3.1 Weathered colluvium from the western Southern Alps. A. The inverse of 
organic carbon concentration (1/[OCtotal]) versus the stable isotope composition of organic carbon (d
13
Corg) 
for bulk surface soils (triangles) and weathered colluvium (squares). Green line shows linear trend through 
surface soils (r
2
 = 0.38). Red line shows linear trend (r
2
 = 0.62) through weathered materials. The 
intersection of these linear trends suggests the presence of aged biospheric OC in the weathered colluvium, 
mixing with OCpetro. B. The radiocarbon activity of samples reported as the Fraction Modern versus d
13
Corg 
(as per A). Black box indicates range of OCpetro composition based on published measurements (Hilton et al., 
2008) and grey diamond is a river bed material sample downstream of the sampling site. Linear trend through 
samples (r
2
 = 0.73) suggests mixing of biospheric OC and OCpetro. The aged biospheric end member used in 
the mixing analysis is shown as a black circle. 
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Supplementary Figure 3.2 Dissolved major ion concentrations in the western Southern Alps. A. 
Positive correlation between [HCO3
-
]/[Na] and [Ca]/[Na] reflects the congruent release of bicarbonate and 
calcium during chemical weathering. The ion concentrations in the catchments of the Southern Alps from 
this study (circles) are shown relative to published data from the Southern Alps (diamonds and triangles: 
Jacobson et al., 2003; Lyons et al., 2005). The patterns reflect increased rates of carbonate weathering 
reactions in the western Southern Alps; this is particularly true for catchments hosting valley glaciers (black 
symbols). Note the consistency between the new and published data. Units are mol:mol. B. Daily water 
discharge at time of sampling (Qw, m
3
 s
-1
) versus [Ca
2+
] for the Hokitika River for samples from this study 
(2014, triangles) alongside published data (grey diamonds) from 1999-2000 (Jacobson et al., 2003; Lyons et 
al., 2005). C. River flow versus [Re]diss in the Hokitika, Whataroa and Waiho catchments where active 
stream gauge data is available for 2014. The daily water discharge (m
3
/s) on sample collection days (Qw) for 
the Hokitika and Whataroa catchments has been normalized to the long-term mean average flow (Qmean) from 
1971–2015. An inverse relationship between Qw/Qmean and [Re]diss reflects a dilution trend. For the Waiho, 
stage height (h) is normalized to the long-term mean stage height (hmean) from 1983–2015 and did not co-vary 
during the sampling period. 
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Chapter 4 
 
 
Erosion and weathering drive net CO2 
drawdown in the Mackenzie River 
Basin over geological time 
 
 
 
Mackenzie River at Tsiigetchic; June 2017 (Photo credit: Mathieu Dellinger) 
 
 
Summary: Dissolved river rhenium fluxes constrain the rate of oxidative weathering of 
petrogenic organic carbon in the Mackenzie River Basin to be 0.4 tC km
-2
 yr
-1
, yet the 
Mackenzie River catchment carbon budget remains a net carbon sink under the present 
climate state. 
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Abstract 
The exposure of organic carbon in rocks to oxidative weathering can release carbon dioxide (CO2) 
to the atmosphere and consume atmospheric oxygen (O2). Alongside volcanism, metamorphism, 
and the weathering of carbonate minerals by sulfuric acid, this is a major source of atmospheric 
CO2 over million year timescales. The balance between CO2 release during the oxidation of 
sedimentary rocks and CO2 drawdown by silicate weathering, carbonate weathering, and organic 
carbon burial sets the net carbon budget during weathering and erosion. However, the rates of rock-
derived organic carbon (petrogenic organic carbon, OCpetro) oxidation remain poorly constrained in 
river catchments. Here, we utilize the relationship between organic carbon and rhenium in rocks, 
and their behaviour during oxidative weathering, to quantify CO2 release by OCpetro oxidation in the 
Mackenzie River Basin, Canada. We have measured the dissolved rhenium in river waters ([Re]diss) 
and examined the Re and OCpetro content of erosion and weathering products in river sediments. 
Sampling took place between 2009 and 2013 and was focussed at gauging stations along the 
Mackenzie River and its main tributaries (Liard, Peel and Arctic Red), alongside tributaries of the 
Peel River. The data indicate that variations in [Re]diss at an individual location are relatively minor 
between sample years, but they do reveal a dilution trend with increasing water discharge in the 
Mackenzie River at Tsiigehtchic. The proportion of [Re]diss derived from OCpetro, is evaluated by 
dissolved [Re]/[Na] and [Re]/[SO4] ratios alongside compiled measurements from silicate, sulfide 
and OCpetro phases. This approach suggests that >85% of the [Re]diss is derived from OCpetro in the 
main river channels. Using the [Re]diss flux, we estimate that the modern-day CO2 emission driven 
by OCpetro weathering is 0.38 
+0.10
/-0.09 tC km
-2
 yr
-1 
for the Mackenzie River at Tsiigehtchic, and 0.79 
+0.23
/-0.19 tC km
-2
 yr
-1
 , 0.66 
+0.19
/-0.16 tC km
-2
 yr
-1
 and 0.84 
+0.23
/-0.20 tC km
-2
 yr
-1
 for the Peel, Arctic 
Red and Liard catchments, respectively. When combined with the silicate and carbonate 
weathering rates and the sedimentary burial of biospheric organic carbon constrained by prior 
work, these data suggest that the upper part of the Mackenzie River Basin presently acts as a CO2 
sink of ~1.2 tC km
-2
 yr
-1
 as a result of the carbon transfers by weathering and erosion.  
 
4.1 Introduction 
Erosion and weathering transfer carbon between the atmosphere and lithospheric storage on 
geological timescales (10
4–106 years). The net carbon balance between carbon dioxide (CO2) 
sequestration, occurring through silicate weathering by carbonic acid coupled to carbonate 
precipitation (Ebelmen, 1845; Gaillardet et al., 1999) and the burial of biospheric organic carbon 
(Berner, 1982; FranceLanord and Derry, 1997), versus CO2 release during volcanism (Marty and 
Tolstikhin, 1998), carbonate weathering by sulphuric acid (Calmels et al., 2007; Torres et al., 2014) 
and the oxidation of rock-derived organic carbon (Petsch, 2014), governs atmospheric CO2 
concentrations (Berner and Caldeira, 1997). The organic carbon and sulphur cycles also set 
atmospheric O2 concentrations over geological timescales (Berner and Canfield, 1989; Bolton et 
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al., 2006). Although the chemical denudation of silicate rocks has been studied in detail (e.g. 
Berner and Maasch, 1996; Gaillardet et al., 1999; Walker et al., 1981), the field-based 
quantification of oxidative weathering of rock-derived organic carbon (petrogenic OC, OCpetro) 
remains limited to mountain river catchments in Taiwan (Hilton et al., 2014) and New Zealand 
(Chapter 3, Horan et al., 2017), the floodplains of the Beni River in the Amazon Basin (Bouchez et 
al., 2014, 2010) and the Ganges and Yamuna Rivers (Dalai et al., 2002; Galy et al., 2008a). 
Nonetheless, the global CO2 emissions from OCpetro oxidation are estimated to be 40–100 Mt C yr-1 
(Petsch, 2014), which is similar to the CO2 drawdown by chemical weathering of silicate minerals 
by carbonic acid (Gaillardet et al., 1999; Moon et al., 2014). Better quantification of these CO2 
sources is necessary to assess the geological carbon budgets during weathering and erosion, and to 
evaluate how long-term changes in tectonics and climate influence atmospheric CO2 (Pagani et al., 
2009). 
 
Mountain river catchments are thought to be important sites for oxidative weathering (Calmels et 
al., 2007; Hilton et al., 2014) because high rates of physical erosion, typically in the order of 10
3–
10
4
 t km
-2
 yr
-1
, can rapidly supply OCpetro and sulphides (e.g. pyrite) to oxic surface waters and the 
atmosphere. They are also important locations where climate-weathering feedbacks operate 
because reactions are not supply limited (Maher and Chamberlain, 2014; West, 2012; West et al., 
2005). When sedimentary rocks are exposed at the Earth’s surface in mountain belts, the CO2 
released during weathering and erosion can be large (Hilton et al., 2014; Torres et al., 2016), and 
may negate the CO2 sinks by silicate weathering and the burial of recently fixed organic carbon 
(Horan et al., 2017; Torres et al., 2014). Other features of mountainous topography may result in 
enhanced rates of OCpetro oxidation, including orographic precipitation, high rates of soil formation 
(Larsen et al., 2014), bedrock landsliding (Emberson et al., 2016), and the combination of glacial 
and periglacial processes at higher elevations (Horan et al., 2017).  
 
Here, we quantify carbon fluxes during weathering and erosion in the Mackenzie River Basin, 
north west Canada, which is a major supplier of water, sediment and carbon from land to sea 
(Carson et al., 1998; Hilton et al., 2015; Holmes et al., 2002; Macdonald et al., 1998; McClelland 
et al., 2016; Millot et al., 2003). The basin is dominated by Palaeozoic sedimentary rocks (Millot et 
al., 2003) and previous work has quantified CO2 drawdown by the erosion and marine burial of 
biospheric OC (Hilton et al., 2015), silicate weathering (Gaillardet et al., 1999; Millot et al., 2003) 
and the transient flux of CO2 released during weathering of carbonate minerals by sulfuric acid 
(Calmels et al., 2007). In addition to providing a type example of a sedimentary-rock dominated 
basin (Dellinger et al., 2014), the Mackenzie River allows us to evaluate OC erosion and 
weathering in Arctic environments, complementing findings of previous studies that focused on 
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catchments at lower latitudes (Bouchez et al., 2010; Galy et al., 2008a; Hilton et al., 2014; Horan et 
al., 2017).  
 
To track chemical weathering, we assess the products of chemical reactions in the dissolved load of 
rivers (Gaillardet et al., 1999; Jacobson et al., 2003; Meybeck, 1987; West et al., 2005). To 
evaluate the oxidative weathering of OCpetro over the river catchment scale, we measure dissolved 
rhenium (Re) concentrations at multiple sites along the Mackenzie River and its tributaries. 
Rhenium is considered to be a suitable proxy for determining OCpetro oxidation because it is found 
in close association with OCpetro in sedimentary rocks (Selby and Creaser, 2003). When rocks are 
exposed to chemical weathering, soils developed on OC-rich rocks indicate that Re loss tracks the 
OCpetro loss (Jaffe et al., 2002; Pierson-Wickmann et al., 2002). Similar observations have been 
made in rocks with lower OCpetro contents in active mountain belts (Hilton et al., 2014; Horan et al., 
2017). Rhenium becomes soluble upon oxidation (Colodner et al., 1993a) and it is possible to track 
oxidative weathering by measuring this element in the dissolved load of rivers (Dalai et al., 2002). 
River networks integrate hydrological sources and chemical reaction products, providing a 
landscape-scale perspective of weathering processes and fluxes (Gaillardet et al., 1999; Maher and 
Chamberlain, 2014). If both the dissolved Re flux and the content of Re and OCpetro in the rocks 
undergoing weathering are known, it is possible to quantify the absolute rate of OCpetro oxidation 
(Hilton et al., 2014). Uncertainties in the use of the Re proxy include the possibility that phases 
other than OCpetro, including sulfides and silicate minerals, may supply Re to the dissolved load 
during weathering (Colodner et al., 1993a; Dalai et al., 2002). Therefore, we assess the relative 
input of Re from different sources using elemental ratios from dissolved weathering products and 
solid phases to better constrain the CO2 release during OCpetro oxidation. The CO2 budgets we 
calculate bear implication for atmospheric CO2 concentrations and global climate over geological 
timescales. 
 
4.2 Materials and methods 
4.2.1 Setting 
The Mackenzie River Basin (Figure 4.1) spans an upstream area of 1.78 × 10
6
 km
2
 at the river delta 
and is the largest point source of sediment to the Arctic Ocean (Holmes et al., 2002), organic 
carbon in particulate form (Hilton et al., 2015) and the second largest input of dissolved solids 
(Calmels et al., 2007). It drains the Rocky and Mackenzie Mountains in north west Canada. From 
west to east, the Rockies, the interior platform (plains), and the Canadian Shield, which are 
composed of Precambrian granitic basement, define the basin (Reeder et al., 1972). The basin 
geology comprises 68.3% sedimentary rocks (Palaeozoic clastics and carbonates) including the 
carbonate platform in the central part, the carbonaceous shales of the interior plain and the Rockies, 
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which are mainly composed of carbonate, dolomitic limestone and shale (Wheeler et al., 1996). 
The sedimentary rocks host organic carbon, with OCpetro concentrations inferred from the 
radiocarbon content of river bed material samples that are typically between 0.1–0.3 wt. %, but are 
higher (0.6 wt. %) in the Peel catchment (Hilton et al., 2015). Approximately one-third (29.2%) of 
the basin drains non-sedimentary rocks, including granitic rock outcropping in the Rockies and 
2.5% of evaporate units in the plains (Beaulieu et al., 2011; Millot et al., 2003).  
 
Weathering of sedimentary rocks dominates the dissolved ion loads in the Mackenzie River 
(Calmels et al., 2007; Millot et al., 2002) with 38% of the HCO3
-
 flux derived from silicate 
weathering, and 62% from carbonate weathering (Calmels et al., 2007). Of the carbonate 
weathering HCO3
-
 flux, 15% is derived from carbonic acid-driven weathering and 85% from 
sulphuric acid (via sulphide oxidation) driven weathering (Calmels et al., 2007). For the Mackenzie 
River at Tsiigehtchic (1,680,000 km
2
), the associated CO2 drawdown by silicate weathering is 
estimated to be 3.63 × 10
4
 mol km
-2
 yr
-1
 (Gaillardet et al., 1999) or 0.44 t C km
-2
 yr
-1
. The 
carbonate weathering rate reported by Gaillardet et al. (1999) was a CO2 drawdown of 14.4 × 10
4
 
mol yr
-1
, or 1.73 t C km
-2
 yr
-1
, assuming weathering by carbonic acid. However, subsequent work 
has shown a large proportion of this flux derives from weathering of carbonate by sulfuric acid 
(Calmels et al., 2007), with a release of 6.2 × 10
4
 mol km
-2
 yr
-1
, or 0.74 t C km
-2
 yr
-1
 (Torres et al., 
2014). The modern day erosion and export of biospheric organic carbon eroded from soils and 
vegetation (OCbiosphere) has been estimated for the upper part of the basin draining north of the Great 
Slave Lake, which acts as a sediment trap for particulates eroded from upstream (Carson et al., 
1998). Over this 774,200 km
2
 area, the erosion of OCbiosphere is estimated to be 2.9 
+1.7
/-1.1 t C km
-2
 
yr
-1
 at the Delta head (Hilton et al., 2015) with a burial efficiency of >65% in the Beaufort Sea 
(Hilton et al., 2015; Vonk et al., 2015). An additional flux of OCpetro in the solid load, which has 
not been oxidised, is 0.6 
+0.2
/-0.2 t C km
-2
 yr
-1
 (Hilton et al., 2015). 
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Figure 4.1 The Mackenzie River Basin. A. Main lithological sub-divisions (Cordillera, Interior Platform 
and Canadian Shield) and the major sub-basins (Peel, Bear, Liard, Slave, Peace and Athabasca) of the 
Mackenzie River Basin (modified from Millot et al., 2003). B. Location of river sampling within the 
Mackenzie River Basin (modified from Hilton et al., 2015). C. Inset of the Peel catchment showing the 
tributaries of the Peel sampled in 2013. 
 
4.2.2 Samples 
River samples were collected in July 2009, September 2010, May/June 2011 and July 2013. They 
capture periods of high stage and falling stage, when the majority of water and sediment is 
exported by the Mackenzie River; as outlined in Hilton et al. (2015). Three locations on the main 
channel of the Mackenzie River were sampled: the Environment Canada gauging stations at 
Tsiigehtchic (2009–2011, 2013), the Middle Delta (2010, 2011, 2013) and the main stem at 
Norman Wells (2010). The main tributaries upstream of the Great Slave Lake, which is an effective 
sediment trap for materials entering from the lower latitude Rockies (Carson et al., 1998), were 
sampled: these include the Liard (2009–2011), the Peel (2009–2011, 2013) and the Arctic Red 
(2009–2011, 2013) rivers. In addition, tributaries of the Peel River (including the Ogilvie and 
Blackstone rivers) were sampled in 2013.  
 
Sample materials include the dissolved products of chemical weathering and the solid products of 
weathering and erosion carried in suspended load and by river bed materials. River sediment depth-
profiles were collected at the main sampling locations to allow the full range of erosion products 
from these large river systems to be assessed (Bouchez et al., 2014, 2011; Dellinger et al., 2014; 
Galy et al., 2008b; Hilton et al., 2015; Lupker et al., 2011). These depth profiles take advantage of 
the hydro-dynamic sorting of particles, with a dominant recovery of quartz-rich sediment at the 
base of the profile, and more clay-rich sediments closer to the surface (Dellinger et al., 2014; 
Hilton et al., 2015). In addition, channel depth, water velocity and instantaneous water discharge 
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were measured by two or more transects at each sampling site (Figure 4.1), using an Acoustic 
Doppler Current Profiler (ADCP Rio Grande 600 kHz). At the major sampling sites, each depth 
profile was collected at a point where flow velocity and acoustic backscatter contrasts suggest 
hydrodynamic sorting. Each water sample (7–8 litres) was transferred into a clean bucket and 
stored in sterilized plastic bags. In the upper Peel River tributaries, depth sampling was not 
possible and surface suspended sediments were collected. Each bag was first weighed to determine 
the sampled volume, before being filtered within 24 h using pre-cleaned filter units through 0.2 µm 
polyethersulfone (PES) filters and stored in acid-cleaned LDPE bottles (Hilton et al., 2015). All 
water samples intended for cation and Re analysis were acidified in the field to pH ~2 following 
published methods (Dalai et al., 2002; Hilton et al., 2014) and an un-acidified aliquot was kept for 
anion analyses. River alkalinity was determined shortly after filtration by Gran Titration on an 
aliquot of filtered water. Suspended sediment was immediately rinsed from the filters using filtered 
river water and transferred into clean amber-glass vials.  
 
To help constrain the composition of the least weathered portion of the river load, river bed 
materials were collected at the base of the depth transects from a boat, using a metal bucket as a 
dredge, and decanted to a sterile bag (Dellinger et al., 2014; Hilton et al., 2015). In addition, river 
bank deposits (June 2009 and 2013) were collected from fresh material close to the channel. All 
sediments were freeze-dried upon return to laboratories within two weeks, weighed and powdered 
in an agate mill. 
 
4.2.3 Rhenium concentration  
Dissolved Re concentrations in the river water samples, [Re]diss, were measured by isotope dilution. 
A tracer solution enriched in 
185
Re was added to 30–100 mL of the water at a volume that would 
achieve a spike:sample mix ratio between 1.5 and 2.5. The spiked sample was evaporated to 
dryness. Anion-exchange column chemistry was then used to pre-concentrate the Re and to remove 
sample matrix. In brief, the sample was loaded onto 0.5 mL of AG1-X8 (200–400 mesh) Eichrom 
resin in 0.2 M HNO3, rinsed with 3 mL of 0.2M HNO3, washed with 2 mL of 0.2M HCl and eluted 
to cleaned PMP beakers in 2.5 mL 6M HNO3. The purified eluted residues were analysed by 
quadrupole inductively-coupled-plasma mass spectrometry (Thermo Scientific X-Series Q-ICP-
MS) in 0.8M HNO3. The measured difference in 
185
Re/
187
Re values for the Re standard solution 
and the accepted 
185
Re/
187
Re value (0.5974: Gramlich et al., 1973) was used for mass fractionation 
correction of the Re sample data. All data were blank corrected. The full procedural blank was 1.35 
± 0.56 pg (±1 SD, n = 5), which is less than 0.5% of the typical sample mass of Re and similar to 
published methods (Dalai et al., 2002; Meisel and Moser, 2004). Uncertainties in the determined 
Re abundance were calculated by full error propagation of uncertainties in Re mass spectrometer 
measurements, blank abundance and isotope compositions, spike calibrations and reproducibility of 
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standard Re isotope values. Analysis of [Re]diss in a river water standard, SLRS-5, produced a value 
of 59.8 ± 1.7 pg g
-1
 (n = 12, ±2 SE), in agreement with the previously reported value of 66 ± 12 pg 
g
-1
 (Yeghicheyan et al., 2013). 
 
For Re concentration measurement in sediments, solid samples were first crushed into fine powders 
using a zirconium disc mill to achieve an integrated bulk sample. Next, approximately 0.05 g of 
each bedload and suspended load sample was doped with a known amount of the 
185
Re tracer 
solution and digested in a 6:3 concentrated HF-HNO3 mix (9 mL) for 24 hours at 120ºC and then 
evaporated. The dried sample was further digested in a 2:1 mix of concentrated HNO3-HCl (3 mL) 
for 24 h at 120ºC, and then evaporated to dryness. The rhenium was isolated and purified using a 
NaOH-acetone solvent extraction methodology (Cumming et al., 2013). The Re isotope 
composition of the purified Re aliquots were then determined in a 0.8M HNO3 medium using a 
Thermo Scientific X-Series Q-ICP-MS. As for the water analyses, all data were corrected for mass 
fractionation and blank contributions.  
 
Blanks from the digestion protocol ranged from 1–80 pg g-1 (n = 19), with typical values between 2 
and 8 pg g
-1
 (n = 16); this equates to <0.2% of a typical sample concentration (~3000 pg g
-1
). 
Where blanks were high, full-analysis replicates produced data in agreement to within 5%, 
confirming that these blanks were representative of the analysis but had minimal effect on data 
accuracy. Bush Creek (SBC-1) and SCO-1 standards are used for determining trace element 
abundance, and may be used as a research material for Re. The Re concentration in the Bush Creek 
standard was quantified to be 10,090 ± 82 pg g
-1
 (±2 SE, n = 6) and the Re concentration in the 
SCO-1 standard is 1085 ± 55 pg g
-1
 (±2 SE, n = 6). These values are in agreement with published 
data on SCO-1 (1050 pg g
-1
: Meisel and Moser, 2004) and the long-term in-house reproducibility 
of the Bush Creek standard by Cr-H2SO4 dissolution and Negative Thermal Ionisation Mass 
Spectrometry (N-TIMS) analysis (10,331.9 ± 236.9 pg g
-1
, n = 25, ±1 SD) (Selby and Creaser, 
2003).  
 
4.2.4 Major ion and elemental concentrations 
Major ion concentrations in water samples were analysed by Ion Chromatography. Cation and 
anion standards and a certified reference standard (Lethbridge-03) were run to validate the 
analytical results. Major and trace element (other than Re) concentrations in the river sediment 
samples were measured, respectively, by ICP-AES and ICP-MS at the SARM (Service d’Analyse 
des Roches et des Minéraux, INSU facility, Vandoeuvre-les-Nancy, France). In river bed materials 
and suspended load sediments, the organic carbon concentration ([OC], %) was measured 
following a 0.2M HCl leach protocol (Galy et al., 2007), which was tested on samples from this 
location to ensure full removal of detrital carbonates. Aliquots of samples were combusted and the 
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concentration and stable isotope composition of OC (d
13C, ‰) was determined using a Costech 
elemental analyser coupled to a Thermo Scientific Delta V Advantage isotope ratio mass 
spectrometer (EA-IRMS). Corrections for procedural and instrumental blanks were applied and the 
result normalized to the composition of international standards (reported relative to the VPDB, 
with a precision of 0.2‰).  
 
4.2.5 Additional data 
This study takes advantage of published data on particulate organic carbon (POC), including the  
organic carbon (OC) percentage, δ13C, and the radiocarbon activity, reported as Fraction Modern 
(Fmod), from suspended sediment and river bed material samples collected in 2010 and 2011 (Hilton 
et al., 2015). The major ion chemistry of the samples collected between 2009 and 2011 has been 
described previously (Dellinger, 2013) and supplements our major ion analyses on the dissolved 
load of the 2013 samples.  
 
4.3 Results 
4.3.1 Bulk weathering characteristics 
To deduce oxidative weathering reactions in the context of bulk chemical weathering variability, 
the concentrations of major ions in the dissolved load and sediments of the rivers were studied 
(Table 4.1). Concentrations of Ca
2+
, Mg
2+
, Na
+
, and SO4
2-
 are helpful for characterizing the overall 
weathering processes (Gaillardet et al., 1999) and we use mixing diagrams with Na normalised 
molar ratios in order to evaluate the main lithologies that are being weathered (Figure 4.2). 
Following Millot et al. (2003), all Na data has been corrected for any cyclic input of ocean-derived 
Na input by precipitation, based on the conservative behaviour of chlorine, and is given as Na*; 
where [Na]* = [Na] - 0.85[Cl].  
 
Overall, data from the dissolved phase of the main river channels indicate that this basin is 
characterized by sedimentary silicate rocks hosting trace carbonate minerals. The major ion 
chemistry of the 2009–2011 dissolved load samples (Dellinger, 2013) correlates closely with the 
major ion data from the 2013 dissolved load samples and previous measurements from the 
Mackenzie River Basin (Millot et al., 2003). Similarities in these data suggest that broad spatial 
patterns in dissolved ion compositions are maintained, although there may be potential for seasonal 
and flood-event scale variability. Rivers that have low Na normalised ratios ([HCO3
-
]/[Na*], 
[Mg]/[Na*] and [Ca]/[Na*]) reflect waters draining predominantly silicate rocks, and this is true of 
the main channel of the Mackenzie River, sampled at Tsiigetchic and the delta. Some spatial 
variability is apparent across the Mackenzie River Basin, however, and tributaries feeding the Peel 
River show a wide range in chemical composition. The samples from the Engineer Creek and Rock 
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River tributaries have high [Ca]/[Na*], [HCO3
-
]/[Na] and [Mg]/[Na*], suggesting that carbonate 
weathering is important in these catchments. Sulfate concentrations are also elevated in all of the 
Peel tributaries (Mean [SO4
2-
] = 1691 ± 454 μmol L-1 (n = 11, ±2 SE), relative to the main channel 
Mackenzie (Mean [SO4
2-
] = 396 ± 74 μmol L-1 (n = 4, ±2 SE). The oxidative weathering of sulfide 
minerals generates sulfuric acid that can subsequently weather carbonate minerals and has been 
shown previously in the basin (Calmels et al., 2007). The high reaction kinetics of sulfide oxidation 
and carbonate weathering, compared with silicate weathering, can help to explain the relative 
enrichment in Ca, Mg and HCO3
-
 in the Peel River catchment. 
 
Figure 4.2 Bulk weathering characteristics in the Mackenzie River Basin revealed by major dissolved 
ion ratios. The ion ratios of sites in the Mackenzie River Basin sampled in 2009-2013 are shown, with main 
stem sites as circles (Mackenzie River at the delta – black circles, Tsiigehtchic – grey circles and Fort 
Simpson – white circle) and large tributaries (Peel – dark blue squares; Arctic Red – light blue squares; Liard 
– diamonds). Open blue squares are smaller tributaries of the Peel sampled in 2013. Published data are 
marked by X (Millot et al., 2003) or + (Miller et al., 2011) for A. [HCO3
-
]/[Na*] versus [Ca]/[Na*] and B. 
[Mg]/[Na*] versus [Ca]/[Na*]. Na* is Na corrected for the cyclic Na component. Units are mol:mol. The 
relative positions of silicate and carbonate endmembers is indicated (Gaillardet et al., 1999). Note the 
consistency between the new and published data.  
 
4.3.2 Dissolved rhenium  
The concentrations of dissolved Re, [Re]diss, in the Mackenzie River Basin range from 1.46–85.7 
pmol L
-1
 across the sample set (Table 4.1), but there is much less variability at a given sample 
location. In the main stem of the Mackenzie River at Tsiigetchic, the mean [Re]diss = 16.3 ± 1.1 
pmol L
-1
 (n = 4, ±2 SE) and at the delta, the mean [Re]diss = 17.5 ± 2.7 pmol L
-1
 (n = 3, ±2 SE). At 
Norman Wells, only one sample is available, with [Re]diss = 11.5 pmol L
-1
 (± 0.69%, ±2 SE 
analytical uncertainty). The Liard, Peel and Arctic Red catchments have slightly higher mean 
[Re]diss concentrations. These are 21.9 ± 2.7 pmol L
-1
 (n = 3, ±2 SE) for the Liard River, 19.0 ± 4.8 
pmol L
-1
 (n = 4, ±2 SE) in the Peel River and 18.2 ± 4.9 (n = 3, ±2 SE) in the Arctic Red River. 
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The greatest variation in [Re]diss is observed in the tributaries feeding the Peel River. Engineer 
Creek has a mean [Re]diss of 85.7 ± 14.4 pmol L
-1
 (n = 3, ±2 SE), which is the highest concentration 
measured across the Mackenzie River Basin. In contrast, a tributary to the Peel River (sampled at 
67.13862ºN, 136.00302ºW) has the lowest measured [Re]diss in the basin, at just 1.46 pmol L
-1
 
(±1.3%, ±2 SE analytical uncertainty). [Re]diss values for the Mackenzie River Basin fall towards 
the more concentrated end of published data from global rivers (4.7 ± 0.2 pmol L
−1
 to 25.4 ± 1.2 
pmol L
−1
: Colodner et al., 1993b; Dalai et al., 2002; Hilton et al., 2014; Miller et al., 2011; 
Rahaman et al., 2012). 
 
To understand the distribution in [Re]diss, we examine dissolved ion ratios to assess the source of 
Re (Dalai et al,. 2002). Dissolved Re concentrations show a broad positive correlation with the sum 
of dissolved åcations (Supplementary Figure 4.1), where åCations = [Na]* + [K] + [Ca] + [Mg] 
(r
2
 = 0.6). This provides an indication that both Re and major cations are released to the rivers in 
roughly the same proportion throughout the basin during chemical weathering. However, 
considering that the Mackenzie and its tributaries drain different sub-basins with their own 
characteristic lithologies, some scatter is expected.  
 
4.3.3 Dissolved rhenium flux  
Catchment hydrographs for the Peel and Mackenzie Rivers show that water discharge, Qw m
3
 s
-1
, 
peaks in May following ice break up (Figure 4.3A and 4.3B) and the samples collected here cover 
a range in Qw. Our new data and published data (Miller et al., 2011) from the Mackenzie River 
Tsiigehtchic show that [Re]diss is reduced with increasing water discharge (Qw) (Figure 4.3C). A 
constant weathering input of Re would be diluted if there is an increase in runoff derived from 
precipitation, with waters entering the river from more rapid hydrological pathways with lower 
residence times in the weathering zone at higher Qw (Maher, 2011; Tipper et al., 2006). At 
Tsiigehtchic, the relationship between [Re]diss and Qw is well described by a power law function (r
2
 
= 0.7), where [Re] = 32.2Qw
-0.075
. This relationship can be used to estimate [Re]diss from gauged 
measurements of daily discharge from the Mackenzie River (Environment Canada data, accessed 
online, 10/05/17). Weathering fluxes are calculated as the product of discharge and element 
concentration, and we use the predictions of Re abundance to estimate total annual dissolved Re 
flux over the time period 2009–2013. This method predicts that the dissolved Re fluxes are similar 
between 2009 and 2013; varying from 4637–5309 mol yr-1. 
 
For the Liard and Arctic Red rivers, we do not have enough data at low Qw to define a relationship 
between Qw and [Re]diss and to calculate dissolved Re fluxes by this method. For these stations, we 
can estimate dissolved Re flux using long-term average annual Qw and the mean measured [Re]diss. 
To constrain the error associated with estimates of Re flux derived from average annual discharge 
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calculated over the years 2009–2013 and the average [Re]diss versus the Re flux calculated by the 
modelled power-law relationship, we assess the discrepancy between these results for the 
Mackenzie River at Tsiigehtchic. The approaches agree to within 10%, suggesting that an average 
method provides a reasonably accurate reflection of the dissolved Re flux through time in this 
catchment (Supplementary Figure 4.2A). 
 
Figure 4.3 Relationship of dissolved Re concentration ([Re]diss) with water discharge, Qw (m
3
 s
-1
). A. 
Hydrographs for the Mackenzie River at Tsiigehtchic over the sampling years 2009, 2010, 2011 and 2013. 
Water discharge (m
3
 s
-1
) at the time of sampling (ADCP measurement) in each year is indicated by the 
circles. B. As part A. but for the Peel River from 2009, 2011 and 2013. C. [Re]diss versus water discharge in 
the Mackenzie River indicating a dilution trend. Grey triangles are data collected by Miller et al. (2011) on 
samples from the Mackenzie River sampled in March, June, July and August 2004. Samples from this study 
were collected in July 2009, September 2010, June 2011 and July 2013. The long-term average annual 
discharge (1972–2015) is shown by the vertical dashed line. The trend line is a power law (r2 = 0.7). D. As 
part C. but for the Peel River. The trend line fitted is linear (r
2
 = 1.00). The long-term average annual 
discharge (1969–2015) is shown by the vertical dashed line. 
 
The [Re]diss data from the Peel suggest a positive linear relationship with water discharge (Figure 
4.3D). This could reflect the fast reaction kinetics of the OCpetro oxidation (Chang and Berner, 
1999), which can keep pace with the short contact time between surface runoff and rocks at high 
discharges. Alternatively, it could reflect groundwater concentrated in solutes and Re being flushed 
out at high discharges. In part, the difference between the Mackenzie and Peel catchments may be a 
reflection of catchment area: the Peel River drains 70,600 km
2
; compared with 1,680,000 km
2
drained by the Mackenzie. As a result, [Re]diss may be more sensitive to changes in discharge in the 
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Peel River because it is not buffered across a wide catchment area. It is possible that [Re]diss may 
follow a power law relationship at the lower Qw in the Peel River or be relatively chemostatic 
(Maher, 2011), although the available data do not constrain this (Figure 4.3D).  To be consistent, 
we report dissolved Re fluxes for all catchments as calculated using an average annual Qw and the 
average [Re]diss from our measurements.    
 
4.3.4 River bed materials and suspended sediments 
The rhenium concentrations in river sediments from across the basin are assessed to understand the 
nature of the source material and the extent of weathering (Table 4.2). We also measured the 
organic carbon content of river sediments to characterize the association between organic carbon 
and Re and their behaviours during river transit of the solid phase. Radiocarbon measurements 
allow us to quantify the contribution of OCpetro versus biospheric OC in river sediments (Hilton et 
al., 2015) and can be used to establish the [Re]/[OC] of the source rocks.  
 
To the south of the basin, in the Liard catchment, the Re concentration in river bed materials, 
[Re]BM, is 1405 pg g
-1
 and 862 pg g
-1
, which is similar to published data: 1932 pg g
-1
 (Huh et al., 
2004). The [Re]BM in the main channel of the Mackenzie River at Tsiigetchic is 740 pg g
-1
 and 747 
pg g
-1
. Concentrations downstream at the Mackenzie delta are more than double this at 2020 ± 591 
pg g
-1
 (n = 5, ±2 SE). The higher concentrations in the delta coincide with the additional 
contribution of sediments from the Peel and Arctic Red catchments (Carson et al., 1999; Carson et 
al., 1998). Huh et al. (2004) find a [Re]BM = 5019 pg g
-1
 in the Arctic Red and [Re]BM = 3922 pg g
-1
 
in the Peel. Here, in the Arctic Red catchment we measure [Re]BM of 3380 pg g
-1
 and 4099 pg g
-1
, 
and in the Peel mainstem the mean [Re]BM = 4473 ± 1842 pg g
-1
 (n = 4, ±2 SE). Much greater 
variability in [Re]BM is found in the tributaries feeding the Peel River, where [Re]BM varies from 
1050 pg g
-1
 in the West Blackstone River to 321,459 pg g
-1
 in the Ogilvie River.  
 
In the main channels, the Re concentration in the suspended particulate matter, [Re]SPM, ranges 
from 1805 pg g
-1
 (Mackenzie River at delta) to 7214 pg g
-1
 (Arctic Red). On a per catchment basis, 
the mean [Re]SPM is low in the Liard (2613 ± 295 pg g
-1
: n = 4, ±2 SE) and the Mackenzie River at 
Tsiigetchic (2368 ± 360 pg g
-1
: n = 5, ±2 SE) and the delta (2708 ± 531 pg g
-1
: n = 6, ±2 SE) 
compared with the Arctic Red (7180 ± 70 pg g
-1
: n = 2, ±2 SE) and Peel rivers (4167 ± 700 pg g
-1
: 
n = 4, ±2 SE). The patterns in Re abundance suggest that the Re composition of the suspended 
material tracks that of the bedload.  
 
To assess the patterns of Re abundance in the river sediments, across both suspended load sorted 
with water depth and the river bed materials, we examine the [Al]/[Si] ratio (Figure 4.4), which is 
correlated with the medium grain size (Dellinger, 2013) and thus is a proxy for grain size in this 
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basin (Dellinger, 2013; Dellinger et al., 2014). River bed materials have the lowest [Al]/[Si] ratios, 
while suspended sediments possess higher [Al]/[Si] ratios. In general, the decrease in [Al]/[Si] 
reflects a greater contribution of quartz and a coarsening of the river sediments (increase in the size 
of the 50
th
 and 90
th
 percentile of the grain size distributions). It is also informative to normalize the 
[Re] to the aluminium concentration, [Al], as this ratio provides an indication of the extent of [Re] 
dilution by quartz, carbonate and organic matter (Bouchez et al., 2012; Dellinger et al., 2014). In 
addition, aluminium is generally considered to be immobile, so it remains in weathering residues 
and can offer some insight into whether Re has been lost from the solid load during weathering 
(Bouchez et al., 2012). Alongside Re, Na is established as one of the most mobile elements during 
chemical weathering (Gaillardet et al., 2003), however it is largely sourced from inorganic 
minerals, mainly feldspars (Priyadarshi, 2005). It should rarely be incorporated into secondary 
weathering products and its distribution in the river SPM should be carried by the least weathered 
mineral phases (Dellinger et al., 2014). We therefore plot [Na]/[Al] against [Al]/[Si] to help 
evaluate the behaviour of Re in the context of the behaviour of another mobile element, but one 
sourced from dominantly inorganic phases. The river sediments define a hyperbolic relation 
between [Na]/[Al] and [Al]/[Si], with data from the Mackenzie and Liard Rivers described by a 
mixing hyperbola, which is distinct to the Peel and Arctic Red rivers. In contrast, [Re]/[Al] does 
not show this distribution with [Al]/[Si], suggesting a very different behaviour in the water column 
as a function of grainsize (Figure 4.4). 
 
Figure 4.4 Composition of river sediments (suspended load and river bed materials) as a function of 
[Al]/[Si] ratio. A. [Na]/[Al] ratios are negatively correlated with [Al]/[Si], which is a proxy for grain size 
(Dellinger, 2013). The Liard River and main Mackenzie River show similar behaviour, described by a power 
law (black line), similar to that observed in other large river basins (Bouchez et al., 2011).The Peel and 
Arctic Red rivers have lower [Na]/[Al] in the coarsest components. B. [Re]/[Al] ratios are not well correlated 
with grain size for the same catchments, indicating that Re is not sorted in the water column. This is true of 
all catchments. Uncertainties are smaller than the symbol size. 
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The total organic carbon concentration, [OC], of river bed material samples, [OC]BM, in the 
Mackenzie, Liard and Peel catchments has been quantified previously (Hilton et al., 2015). The 
Mackenzie and Liard have similar values of [OC]BM at 0.16% and 0.14%, respectively, while the 
Peel has a higher [OC]BM = 0.75%. River suspended load samples are also similar in terms of their 
[OC]SPM in the Liard and Mackenzie catchments. We combine data from Hilton et al. (2015) with 
our own data on samples collected in 2013 and find that the mean [OC]SPM for the Liard is 1.48 ± 
0.04% (n = 4, ±2 SE), compared to 1.48 ± 0.08% (n = 4, ±2 SE) at the Mackenzie (Tsiigehtchic) 
and 1.60 ± 0.47 % (n = 4, ±2 SE) at the delta. In the Peel and Arctic Red river catchments, the 
[OC]SPM is higher, with mean values of 2.09 ± 0.2% (n = 4, ±2 SE) and 2.06 ± 0.22% (n = 2, ±2 
SE), respectively. The [OC] of river bank samples are, in general, similar to the suspended load at 
these sites. At the delta, the mean [OC] of 3 bank samples is 1.48 ± 0.87% (n = 3, ±2 SE), which is 
indistinguishable from the suspended load samples. In the Peel, one bank sample is comparable to 
the suspended load, with a [OC] of 1.4%, but a second sample enriched in woody debris has a 
much higher [OC] of 19.4%.  
 
The stable carbon isotope composition of organic carbon in the river sediments provides an 
indication of the contribution of organic matter sources. The river bed material samples have low 
isotope values relative to suspended sediments, with an overall mean across the Liard, Peel, and 
Mackenzie delta of δ13C = -28.1 ± 0.1‰ (n = 3, ±2 SE) (Hilton et al., 2015). Previous work has 
suggested that these sediments are dominated by OCpetro based on their radiocarbon activity (Hilton 
et al., 2015). The δ13C values are similar to bedrocks outcropping in the Mackenzie Mountains 
(Johnston et al., 2012). In contrast, the suspended load samples are ~1.5‰ heavier, with a 
combined average of -26.5 ± 0.05‰ (n = 15, ±2 SE) for the Liard and Mackenzie (delta and 
Tsiigetchic), and a combined average of -26.8 ± 0.07‰ (n = 6, ±2 SE) for the Peel and Arctic Red 
rivers (Hilton et al., 2015). The remarkable homogeneity of δ13C in the suspended load samples 
(Hilton et al., 2015) is a feature not seen in other large rivers (Bouchez et al., 2014; Galy et al., 
2008b). The woody-debris rich bank material from the Peel catchment has a δ13C value of -26.9‰, 
which is within the variability of the suspended sediment. In the Peel River catchment, the river 
sediments in the tributaries show the greatest variability in δ13C. At Engineer Creek, samples have 
values of -7.8‰, -18.3‰ and -28.9‰. The high sulfate content of the dissolved load in this 
catchment combined with the isotopically heavy values of the river sediments probably reflects 
microbial activity associated with redox cycling of iron and sulfur and preferentially extracting 
12
C 
for metabolic processes; thereby leaving behind a residue enriched in 
13
C (Wadham et al., 2004). 
Elsewhere, the river sediments from the Peel tributaries are more similar to bed materials in the 
Peel mainstem, with a mean δ13C = -28.1 ± 1.17‰ (n = 8, ±2 SE). The Ogilvie tributary has the 
lowest δ13C, with values of -28.3 ‰ and -31.4‰, again highlighting the local variability apparent 
within the Peel catchment (Supplementary Figure 4.3). 
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Considering the δ13C of the river sediments in the context of [Re]/[OC] ratios is informative for 
interpreting whether the organic carbon is derived from a petrogenic or biospheric source. In the 
Liard catchment, the mean [Re]/[OC] of the suspended sediments is 1.77 ± 0.22 × 10
-7
 g g
-1
 (n = 4, 
±2 SE), compared with 6.03 × 10
-7
 g g
-1
 in the river bed material. In the Mackenzie at Tsiigehtchic, 
the mean [Re]/[OC] of the suspended sediments is similar to the Liard at 1.60 ± 0.28 × 10
-7
 g g
-1
 (n 
= 5, ±2 SE) and the bed material has [Re]/[OC] = 4.67 × 10
-7
 g g
-1
. In the delta, the mean [Re]/[OC] 
of the suspended sediments is 1.75 ± 0.24 × 10
-7
 g g
-1
 (n = 6, ±2 SE) compared with 3.40 × 10
-7
 g g
-1 
in the bed material. The Peel River sediments bear similarity to the delta, having mean [Re]/[OC] 
in the suspended load of 2.01 ± 0.42 × 10
-7
 g g
-1
 (n = 5, ±2 SE) and 3.31 × 10
-7
 g g
-1 
in the bed 
material. The [Re]/[OC] of the Peel River bank material, which was enriched in wood, is notably 
lower than any other sample, 0.36 × 10
-7 
g g
-1. When plotted against [Re]/[OC], the δ13C data shows 
a distribution whereby the suspended sediments all sit at low [Re]/[OC] and high δ13C and the bed 
materials have more variability in [Re]/[OC], but all have lower δ13C (Supplementary Figure 4.3).  
 
4.4 Discussion 
To determine whether the Mackenzie River Basin is a source or sink for CO2 as a consequence of 
erosion and weathering, the remaining unknown is the rate of OCpetro oxidation. Here we use Re to 
examine this process and quantify fluxes. To do so, we first assess the source of dissolved Re as 
suggested by dissolved ion ratios, and then turn to the solid residue of erosion and weathering 
carried in the suspended load and at the river bed. Having better constrained the source and 
behaviour of Re and its link to OCpetro, we then seek to quantify weathering fluxes and estimate the 
CO2 release from OCpetro oxidation. 
 
4.4.1 Insights on the source of dissolved rhenium 
Sedimentary rocks dominate the Mackenzie River Basin and its weathering regime (Millot et al., 
2003). The waters draining these rocks are characterized by a chemical signature that depends on 
the chemical composition of the bedrock. To assess the contribution of the dissolved Re flux that 
derives from OCpetro oxidation we need to understand the relative contribution of Re from its main 
sources. These are thought to be organic matter, sulphide and silicate minerals, with carbonate 
minerals thought to contain negligible Re in their inorganic structure (Dalai et al., 2002; Miller et 
al., 2011). To do this, we use the elemental ratios [Re]/[Na*] and [Re]/[SO4
2-
]. Dissolved riverine 
Na concentrations, [Na*]diss, primarily reflect patterns in silicate weathering (Gaillardet et al., 
1999), while dissolved riverine SO4
2-
 concentrations, [SO4
2-
]diss, in the Mackenzie are dominated by 
the oxidative weathering of sulfides (Calmels et al., 2007). Therefore, by quantifying [Re]/[Na*] 
and [Re]/[SO4
2-
] ratios in the river waters with knowledge of the endmember compositions, we can 
account for inputs of Re from silicate and sulfide minerals. 
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To define the elemental ratios of the endmembers, we first compile published measurements of Re, 
Na and S concentrations made on specific lithologies and individual minerals. For the silicate 
endmember, we find similar [Re]/[Na] and [Re]/[S] ratios for bulk mantle xenoliths (Bodinier, 
1988; Pearson et al., 2004; Reisberg and Lorand, 1995), a spinel-lherzolite (Burton et al., 1999) 
and a basalt sample we collected in Iceland (Table 4.3). Other basalt samples also have similar 
[Re]/[Na] ratios (Burton et al., 2002). To constrain the [Re]/[Na] and [Re]/[S] ratios in sulphides 
and sedimentary organic matter is more difficult because Na and S are not necessarily measured 
alongside Re. However, compiling available data shows that sulfides extracted from sedimentary 
rocks (Kelley et al., 2017; Norman et al., 2003; Sundby et al., 2004) usually have a lower [Re]/[S] 
ratio (0.00107 µmol mol
-1
)
 
and a slightly higher [Re]/[Na] (0.102 µmol mol
-1
)
 
than silicates (Table 
4.3). For comparison, the modal [Re]/[S] ratio in pyrite samples measured by Miller et al. (2011) is 
3 × 10
-3
, which is similar to the mean [Re]/[S] ratio of these sulfides (1.2 × 10
-3
). A set of organic 
rich coals, with [OC] >75%, highlight the Re enrichment expected for sedimentary organic matter 
(Cohen, 2004; Colodner et al., 1993b; Selby and Creaser, 2003), with high [Re]/[Na] = 280 ± 23 
µmol mol
-1
 and [Re]/[S] = 1.17 ± 0.52 µmol mol
-1
.   
 
When plotted alongside the dissolved ion ratios, the endmember values from the literature can be 
used to define the variability observed (Figure 4.5). The combination of spot sampling of small 
Peel tributaries and time-series sampling of the main rivers indicates that differences in Re source 
can occur at small spatial scales. For the main rivers, we find that most samples plot in a similar 
place, suggesting that the main channels integrate dissolved products of weathering and the 
resulting element fluxes become more similar and also consistent over time. Published data from a 
sampling campaign in 2004 (Miller et al., 2011) confirm this observation because they are very 
similar to the 2009–2013 data (Figure 4.2). In the Peel catchment, the dissolution of sulfides 
appears to play a relatively greater role. Tributaries of the Peel show more variable ion ratios; for 
example the river water sample CAN13-48 has a particularly low [Re]/[Na]* and a [Re]diss/[SO4
2-
]diss 
value that sits outside the mixing envelope defined by the endmembers.  
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Figure 4.5 Mixing model to describe the minerals sourcing Re to the dissolved load. The ion ratios 
[Re]/[SO4
2-
] and [Re]/[Na*] are used to define the endmember contributions from the mineral phases OCpetro, 
silicate and sulfides. The chemical composition of the river waters reflects a weathering contribution from 
these endmembers. Ion ratios are constrained using data on coals for OCpetro (Dai et al., 2015). Data for an 
Icelandic basalt (this study, green circle), bulk mantle xenoliths (Bodinier et al., 1988; Reisberg and Lorand, 
1995; Pearson et al., 2004) and a spinel-lherzolite (Burton et al., 1999) are used to constrain the silicate 
endmember. A compilation of data from sedimentary rocks (Norman et al., 2003; Sundby et al., 2004; Kelley 
et al., 2017) are used for the sulfide endmember (Table 4.3). The endmember ratios imply that ~85% of the 
Re is derived from organic matter in the majority of sample locations. The [Na]diss concentrations were 
corrected for atmospheric contribution using [Cl
-
], giving [Na*]diss (Millot et al., 2003). The percentage 
contribution of OCpetro is indicated with black dashed lines: 90%, 70% and 50%. The 80% contribution of 
silicate (20% sulfide) in the non-OCpetro contribution to [Re]diss is indicated by the blue line.  
 
The element ratios in the solid samples from published sources can be used to estimate the 
contributions of Re to the dissolved load from silicates, sulfides and organic matter in rocks. This 
makes the assumption that the end member compositions here are representative, and that the 
release of Re from these sources is stoichiometric. An alternative approach to constrain the end 
member compositions is to use small tributaries that drain bedrock with less variability, which has 
the benefit of providing a more robust basis for these assumptions. As a starting point, using the 
literature values as endmembers and calculating the mixing domain, the samples from the main 
stem of the Mackenzie River Basin suggest that between 80% and 90% of the dissolved Re is 
sourced from OCpetro (Figure 4.4; section 4.8). The Liard River has a higher contribution from 
OCpetro, at ~90%. The Peel River has a higher contribution from sulfide derived Re, with a 
percentage of dissolved Re from OCpetro ~80%. However, the uncertainty on the exact compositions 
of the endmembers means that this approach provides only a semi-quantitative estimate of the Re 
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contribution from OCpetro oxidation. If instead we use the sulfate-rich tributary of the Peel to define 
the sulfide endmember composition ([Re]/[Na] = 0.0027 µmol mol
-1
 and [Re]/[SO4
2-
] = 0.00064 
µmol mol
-1
), the mixing model suggests >94% of the dissolved Re in all sample locations is 
derived from the OCpetro composition.  
 
It is important to recognise that the endmember mixing model (Figure 4.5) has particularly poor 
constraint on the [Re]/[Na*] and [Re]/[S] composition of OCpetro. For example, not all of the OCpetro 
in the Mackenzie River Basin is likely to be present in the form of coal. Marine-derived 
sedimentary organic matter is likely to have a higher [S] and [Na] but similar [Re], with a resultant 
lower [Re]/[S] ratio than coal (e.g. Berner and Raiswell, 1984). This would act to shift the position 
of this source downwards in [Re]/[S]-[Re]/[Na] mixing space (Figure 4.5) and lower the estimated 
contribution of dissolved Re from OCpetro. Future work may also seek better to constrain the silicate 
endmember more precisely for this setting; for example by measuring the Re concentration of the 
Canadian Shield rivers to the south of the Mackenzie River Basin, which drain granitic rocks. 
 
As a result of the uncertainty in the current endmember positions in Figure 4.5, it may be more 
appropriate to follow the approach of Galy and France-Lanord (1999) to calculate the relative 
contribution of OCpetro to the dissolved Re budget. In this approach, the concentration of Re in the 
river water ([Re]diss) is considered to be the sum of Re sourced from OCpetro, silicate minerals, 
sulfide minerals and precipitation; assuming negligible anthropogenic, carbonate and evaporite 
contributions for the major rivers, and correcting for the cyclic contribution (Equation 4.1).  
 
Equation 4.1    [ !] !"" = [#$]%&'()*+ , [#$]"!-!./)( ,0[#$]"1-2! (0,0[#$].3.-!. 
 
The proportion of Re derived from OCpetro oxidation is inferred to be the difference between the 
total Re budget in a given river water sample and the Re contribution from silicate, sulfide and 
precipitation. To calculate the contribution of Re from precipitation in a river water sample, we 
multiply the [Re]/[Cl] ratio in seawater by the [Cl]/[Re] ratio in the river water sample. To 
calculate the contribution of Re from silicate minerals, we approximate the composition [Re]/[Na] 
of silicate with the  [Re]/[Na] ratio in the silicate endmember used in Figure 4.4 and multiply this 
by the [Na]/[Re] ratio in the sample. To calculate the contribution of Re from sulfide minerals, we 
multiply the [Re]/[SO4
2-
] ratio in the Peel tributary (sample CAN13-47) by the [SO4
2-
]/[Re] ratio in 
the sample. This Peel tributary has a very high [SO4
2-
] of 2289 µmol L
-1
, suggesting very high rates 
of sulfide oxidation here and that this tributary may best describe the composition of the local 
sulphide endmember in the Mackenzie River Basin. In contrast, other Peel River tributaries, 
including the Rock, Engineer, and Blackstone rivers, have high [Re]/[Na] and mid-range 
[Re]/[SO4
2-
] and are more similar to the main stem sites.  
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This approach is advantageous because it does not require any previous knowledge of the 
composition of the OCpetro endmember, which is probably the greatest unknown in Figure 4.5. The 
model (Equation 4.1) is based on the following four assumptions: i) chloride is only derived from 
evaporites and from precipitation; ii) the dissolution of carbonate does not contribute to the 
dissolved sodium; iii) evaporite weathering yields only NaCl; and iv) sulfate is entirely derived 
from sulfide oxidation (Galy and France-Lanord, 1999). Nonetheless, as with the mixing model 
(Figure 4.5), this approach also indicates that the bulk of dissolved Re in the main channels is 
derived from OCpetro oxidation: the mean percentage of [Re]diss
 
from OCpetro oxidation in the Liard, 
Peel, Mackenzie (Tsiigetchic), Mackenzie delta and Arctic Red is 93%, 85%, 87%, 86% and 86%, 
respectively. The Ogilvie, Eagle and Blackstone Rivers have a higher contribution of Re from 
sulfide minerals and a lower resultant contribution of Re from OCpetro: the greatest range is 
observed in the samples from the Ogilvie River (64–82%). 
 
The high percentage of [Re]diss contributed by OCpetro in the Mackenzie River Basin is consistent 
with the notion that [Re]diss is primarily hosted in sedimentary organic matter (Cohen, 2004; Selby 
and Creaser, 2003) and that Re is released during the exposure and oxidation of OCpetro at Earth’s 
surface (Jaffe et al., 2002). Therefore, OCpetro has a major influence on Re river chemistry relative 
to silicate and sulfide minerals. This observation probably relates to the fact that the kinetics of 
OCpetro weathering are ~10 times faster than those for silicate weathering (Chang and Berner, 1999) 
and that Re contents are lower in sulfides (Kelley et al., 2017; Sundby et al., 2004) than those 
found in organic matter (Dai et al., 2015; Selby and Creaser, 2003).  
 
4.4.2 Source and behaviour of Re in river sediments 
The relationship between [Na]/[Al] and [Al]/[Si] in river sediments (Figure 4.4) indicates that Na is 
sorted through the water column between the fine surface particles and the coarser river bed 
sediments. For Na, the reason for this is thought to be a combination of: i) the hydrodynamic 
behaviour of the primary mineralogical sources; and ii) Na mobility in the dissolved phase during 
weathering and the production of secondary minerals (Bouchez et al., 2011; Bouchez et al., 2012). 
In the Mackenzie River Basin, the weathering intensity is relatively low and the geochemistry of 
suspended sediments largely reflects erosion of unweathered bedrock, dominated by shales 
(Dellinger et al., 2014). This suggests that modern weathering processes are unlikely to play a 
major role in the evolution of [Na]/[Al] within the river sediments. Instead, the pattern can be 
explained by hydrodynamic sorting of particles based on their grain size, shape and relative 
density. In the coarse fraction, albite (NaAlSi3O8) can be an important mineral alongside quartz 
(Bouchez et al., 2011) and can explain the Na enrichment relative to Al in the coarser sediments 
with low [Al]/[Si] ratios (Figure 4.4A). In finer sediments (higher [Al]/[Si] ratios), phyllosilicate 
minerals become more important, and these are typically depleted in Na during their formation 
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during weathering in soils. In the Mackenzie River catchment, most of these minerals are recycled 
from eroded shales (Dellinger et al., 2014), and the Na depletion reflects multiple cycles of 
sedimentary rock weathering. The Peel and Arctic Red sediments sit below the trend outlined by 
data from the Mackenzie and Liard catchments. This is consistent with a lower proportion of 
igneous rocks upstream (Millot et al., 2003; Dellinger et al., 2014) and a lower input of feldspar to 
the river sediments.  
 
In contrast, the [Re]/[Al] ratios in the river suspended load and bed materials are relatively 
invariant with [Al]/[Si] (Figure 4.4B). Given the behaviour of Na described herein (Figure 4.4A) 
and the recycling of sedimentary rocks into the modern weathering regime (Dellinger et al., 2014), 
contemporary weathering processes are unlikely to affect the [Re]/[Al] ratios. Therefore, the 
relatively constant [Re]/[Al] ratio as a function of grain size reflects the hydrodynamic behaviour 
of the Re host phase. It suggests that the Re host phases are found in roughly similar proportions 
throughout the river water column, regardless of the size of the particulates in which Re is present. 
The characteristics of OCpetro, including its relatively low density, and the observation that it is 
associated with both coarse minerals and phyllosilicates (Bouchez et al., 2010; Galy et al., 2008a), 
make OCpetro a candidate to be the major Re bearing component. The [Re]/[Al] ratio is higher in the 
Peel river sediments, which fits the notion that this basin has higher OCpetro concentrations 
compared to the main Mackenzie and Liard River (Hilton et al., 2015). This supports the 
suggestion of a strong affiliation between Re and OCpetro (Cohen, 2004; Jaffe et al., 2002; Selby 
and Creaser, 2003). If Re was predominantly sourced from sulfide minerals then we might expect 
an enrichment in Re in the bottom waters, where [Al]/[Si] is low, as sulfide minerals are typically 
dense. The fact that this does not occur, and also that the river with the highest sulfide contribution 
has the lowest concentration of dissolved Re, confirms that the weathering of sulfides appears to 
play a minor role in the weathering flux of Re, relative to OCpetro, in the Mackenzie River Basin. 
 
4.4.3 Estimates of CO2 fluxes via OCpetro oxidation  
To estimate CO2 emissions by OCpetro oxidation, the dissolved Re flux can be combined with the 
[Re]/[OC] of the bedrock undergoing weathering (Hilton et al., 2014; Jaffe et al., 2002; Petsch, 
2014). Here, we refine this approach by following a similar method as Dalai et al. (2002), whereby 
we use dissolved ion ratios to constrain the fraction of dissolved Re derived from OCpetro 
weathering (Figure 4.5). Long-term average annual Qw from gauging stations account for runoff 
variability that has been monitored over several decades. We calculate average annual Qw for the 
Liard = 1944 m
3
 s
-1
 (1972–2015), the Mackenzie at Tsiigetchic = 7156 m3 s-1 (1972–2015), the Peel 
= 538 m
3
 s
-1
 (1969–2015) and the Arctic Red = 124 m3 s-1 (1968–2015) (Environment Canada, 
accessed online, 10/05/17). Annual Re fluxes are 250 ± 31 kg yr
-1
, 684 ± 48 kg yr
-1
, 60 ± 15 kg yr
-1
 
and 13 ± 3.6 kg yr
-1
, for the Liard, the Mackenzie at Tsiigetchic, the Peel, and the Arctic Red 
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catchments, respectively. The endmember mixing model (Figure 4.5) can be used as a first-order 
guide to the correction that is required to make the [Re]diss flux representative of OCpetro oxidation. 
River water samples from the main channels have >85% of [Re]diss derived from OCpetro oxidation, 
so we apply this correction to our estimates of Re flux.   
 
In order to quantify the [Re]/[OC] ratio of the rocks in these catchments, we consider the 
[Re]/[OC] ratios of the river suspended sediments and the bed materials together with radiocarbon 
measurements on the organic matter, reported as the “Fraction Modern” (Fmod) (Hilton et al., 2015). 
The source rock in each catchment is defined as having Fmod ~ 0, because it is fully 
14
C-depleted 
relative to background. We find that the river bed materials offer a good indication of the 
[Re]/[OC] of the source rock, as they have low 
14
C content (low Fmod). Nevertheless, because Fmod 
values do exceed 0, the river bedloads must contain some biospheric organic carbon (Hilton et al., 
2015) incorporated as the sediments were weathered and eroded upstream. The importance of 
biospheric OC is more pronounced in the suspended loads, which have high Fmod relative to the 
bedloads. The [Re]/[OC] of the suspended load samples is also lower than that of the bedloads, 
suggesting input of Re-poor organic-rich material in these samples. The [Re]/[OC] ratio of a wood 
rich sample in the Peel River is 3.58 × 10
-8 
g g
-1
, which suggests that the patterns in the data can be 
explained by the mixing of OC sources – high [Re]/[OC] in sedimentary rocks, and low [Re]/[OC] 
in the live, oxygenated terrestrial biosphere (Figure 4.6). Organic carbon rich soil litters from other 
locations, such as Taiwan and New Zealand, have similar low [Re]/[OC] ratios; these are 1.3 × 10
-9
 
and 9.5 × 10
-9
 g g
-1
, respectively (Hilton et al., 2014; Horan et al., 2017).  
 
By fitting linear trends through the Fmod-[Re]/[OC] data from the combination of bed materials and 
suspended loads, we can better constrain the average [Re]/[OCpetro] composition of the sedimentary 
rocks in the basin. This approach yields an intercept on the [Re]/[OC] axis reflecting the [Re]/[OC] 
composition of the source rock, where Fmod = 0 (Figure 4.6). The combined linear regression for all 
catchments indicates a [Re]/[OC] ratio of 6.5 
+2.75
/-1.25 × 10
-7
 g g
-1
 (±95% confidence). This value 
agrees closely with published mean values of bedrocks from the Liard sub-catchment (Ross and 
Bustin, 2009), where average [Re]/[OC] ratios are 5.6 × 10
-7
 g g
-1
 for the Besa and Golata shales 
(Figure 4.6; Supplementary Figure 4.4). With more data, it may be possible to take this approach 
for each sampling catchment. The intercept on the Fmod axis provides an indication of the 
14
C 
activity of the biosphere and with Fmod values of ~0.5 to 0.7 it is consistent with the erosion of aged 
soil organic carbon in the Mackenzie River Basin (Hilton et al., 2015).  
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Figure 4.6 Model used to determine the [Re]/[OC] of the source rock. Fmod and [Re]/[OC] ratios for river 
suspended load (spm) and river bedloads are fitted with a linear trendline marked by the solid purple line. 
The low [Re]/[OC] ratio of a wood-rich bank sample collected from the Peel catchment is (3.58 × 10
-8
 g g
-1
) 
is indicated; this reflects the high concentration of biospheric carbon in this sample. The x intercept provides 
an indication of [Re]/[OCpetro] in each of the catchments, where Fmod = 0. The ±95% confidence intervals are 
shown within the purple shaded band.  
 
Together, the dissolved Re yield (JRe, g km
-2 
yr
-1
) and the [Re]BM:[OC]BM (g g
-1
) allow us to make 
an estimate of the CO2 oxidation yield, JCO2 (gC km
-2
 yr
-1
) by OCpetro oxidation (Equation 4.3). It is 
important to account for some decoupling of rhenium and organic carbon as a result of the 
solubility of Re upon oxidation, which could allow it to be mobilized more effectively during 
weathering relative to CO2 (Jaffe et al., 2002). The effects of this potential decoupling are 
accounted for by the term fC, which reflects the ratio between the percentage loss of OCpetro in soil 
versus that of Re. Based on published data from soils (Hilton et al., 2014; Horan et al., 2017; Jaffe 
et al., 2002; Pierson-Wickmann et al., 2002), this ratio is expected to be <1 but >0.5. We also use 
the fC term to account for non-OCpetro derived Re. Uncertainty in the translation of a Re flux into a 
CO2 flux can also arise if there is incomplete oxidation of organic carbon; for example graphitic 
OCpetro is less susceptible to oxidation (Galy et al., 2008a). To account for the presence of graphitic 
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carbon, which may not be oxidised, we vary the fraction of OCpetro as graphite (fgraphite) from 0.2 to 
0, as high grade metamorphic rocks are not as common in the Mackenzie mountains and Rockies 
(Johnston et al., 2012), compared to Taiwan and the Southern Alps where this approach has been 
most recently applied (Beyssac et al., 2016, 2007). The CO2 oxidation flux, JCO2 (gC km
-2
 yr
-1
), is 
then calculated and a Monte Carlo simulation is used to account for these uncertainties following 
the approach of Horan et al. (2017).  
 
Equation 4.3 JCO2 = JRe × ([OCpetro]BM/[Re]BM) × fC × (1 – fgraphite)   
 
In the Mackenzie River catchment (based on [Re]diss fluxes at Tsiigetchic), we quantify CO2 yields 
to be 0.38 
+0.10
/-0.09 tC km
-2
 yr
-1
. In the Peel, Arctic Red and Liard catchments, we find CO2 yields 
are higher when considered on a per unit area basis, at 0.79 
+0.23
/-0.19 tC km
-2
 yr
-1
, 0.66 
+0.19
/-0.16 tC 
km
-2
 yr
-1
 and 0.84 
+0.23
/-0.20 tC km
-2
 yr
-1
, respectively (Table 4.4). The river flux of unweathered 
OCpetro is ~0.6 
+0.2
/-0.2 tC km
-2
 yr
-1
 in the Mackenzie River, suggesting that the overall oxidative 
weathering makes up ~40% of the total OCpetro denudation.  
 
To explain the differences in weathering yields between the catchments, we consider how the 
physical erosion rates vary between the catchments. Physical erosion is known to enhance the rate 
of oxidative weathering of organic carbon in rocks (Hilton et al., 2014), therefore we might expect 
[Re]diss and associated CO2 fluxes in the Mackenzie River Basin to be governed by this parameter. 
We use published sediment yields (t km
-2
 yr
-1
) as a measure of the physical erosion rate normalized 
by runoff. In the Mackenzie River catchment sediment yields are 124 t km
-2
 yr
-1
, while the Peel, 
Liard and Arctic Red catchments experience sediment yields of 295 t km
-2
 yr
-1
, 149
 
t km
-2
 yr
-1
 and 
392 t km
-2
 yr
-1
, respectively (Carson et al., 1998). These erosion rates are about a factor of ten 
lower than those recorded in active mountain belts, such as the western Southern Alps and Taiwan 
(Hilton et al., 2014; Horan et al., 2017). The calculations of atmospheric Re yields (tC km
-2
 yr
-1
) 
are also an order of magnitude lower in the Mackenzie River Basin (Figure 4.7). In the overall 
relationship between Re and physical erosion, the data from the Mackenzie River Basin serve to 
strengthen the hypothesis that mountain belts erode rapidly accessible Re from a surficial 
weathering zone, where oxidation reactions are limited predominantly by mineral supply.  
 
 
 
CHAPTER 4 │ Carbon fluxes during erosion and weathering in the Mackenzie River Basin 
 
122 
 
 
 
Figure 4.7 Dissolved rhenium (Re) yield in mountain catchments around the world draining 
sedimentary rocks as a function of suspended sediment yield. Physical erosion rates are quantified using 
decadal average suspended sediment concentration. Orange circles are from Taiwanese catchments (Hilton et 
al., 2014) and the green diamonds are from New Zealand catchments (Horan et al., 2017). 
 
4.4.4 The net CO2 budget of the Mackenzie River catchment 
Examining the transfer of Re across the Mackenzie River Basin has allowed us to assess the rate 
and controls on OCpetro oxidation while also estimating, for the first time, the associated CO2 
release. In the Mackenzie River catchment we are able to combine our estimates of CO2 flux from 
OCpetro oxidation (0.38 
+0.10
/-0.09 t km
-2
 yr
-1
) with pre-existing data on biospheric organic carbon 
burial rates and silicate and carbonate weathering rates to calculate the net carbon budget. The 
silicate weathering CO2 flux is ~0.4 tC km
-2
 yr
-1
 (Gaillardet et al., 1999) and, assuming a burial 
efficiency of 65%, the erosion and burial of biospheric organic carbon offshore is ~1.89 tC km
-2
 yr
-1 
(Hilton
 
et al., 2015). The transient CO2 release by sulfuric acid driven carbonate weathering is ~0.7 
tC km
-2
 yr
-1 
(Calmels et al., 2007, re-calculated in Torres et al., 2014). The CO2 drawdown by 
carbonate weathering by carbonic acid is 0.98 tC km
-2
 yr
-1
, but this is often considered to be CO2 
neutral over timescales of 10
3–106 years when coupled to carbonate mineral precipitation 
(Gaillardet et al., 1999). Together, these data suggest that the Mackenzie River catchment has a net 
CO2 budget that equates to a sink of 1.2 
+0.33
/-0.30 tC km
-2
 yr
-1
 from the atmosphere (Figure 4.8).  
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Mechanism C flux (t km
-2 
yr
-1
) Reference 
Silicate weathering -0.44 Gaillardet et al., 1999 
Carbonate weathering -0.98 Gaillardet et al., 1999 
Carbonate weathering by sulfuric acid 0.75 (±0.04) Calmels et al., 2007; Torres et al., 2014 
Organic carbon burial -1.89 Hilton et al., 2014 
Petrogenic organic carbon oxidation 0.38 (
+0.10
/-0.09) This study 
 
 
Figure 4.8 Carbon cycle budget of the Mackenzie River catchment. The CO2 flux derived from 
petrogenic organic carbon (OCpetro) oxidation calculated in this study is differenced from the transfer and 
burial of OC from the terrestrial biosphere (OCbiosphere) and silicate weathering (Hilton et al., 2015) and 
carbonate weathering by sulfuric acid (Calmels et al., 2007; Torres et al., 2014). The net carbon balance is a 
sink. 
 
4.4.5 Global relevance of the OC budgets in the Mackenzie River Basin 
Estimates of CO2 flux from OCpetro oxidation are limited globally. Therefore, our understanding of 
the net carbon balance in mountainous catchments during weathering and erosion remains 
tentative. Current carbon flux estimates for non-glaciated mountainous regions in Taiwan (Hilton 
et al., 2014) and New Zealand (Chapter 3, Horan et al., 2017) trend toward net sinks. Although 
OCpetro oxidation counterbalances silicate weathering in each of these sites, the drawdown of CO2 
by biospheric organic carbon erosion tends to control the net carbon balance. This is also what we 
observe in the Mackenzie River Basin, where high erosion of OC from soils (Hilton et al., 2015) 
creates a significant carbon sink. In the Mackenzie River Basin, the CO2 sourced from OCpetro 
oxidation is slightly higher than the CO2 sequestered during the weathering of silicate minerals, but 
it is insufficient, even alongside the CO2 released by carbonate weathering by sulfuric acid, to 
negate the large carbon sinks driven by biospheric organic carbon erosion, and silicate weathering 
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by carbonic acid. Consequently, under the current climate conditions, erosion and weathering act as 
a CO2 sink via the organic and inorganic carbon cycles. 
 
In mountain catchments subject to glaciation, carbon fluxes appear to be controlled to a lesser 
extent by biospheric organic carbon erosion. For example, in the western Southern Alps, the 
presence of valley and headwater glaciers triples estimates of CO2 sourced from weathering of 
OCpetro and thereby converts the net carbon balance positive (Chapter 3, Horan et al., 2017). If we 
consider the implication of vast areas of the Mackenzie River Basin becoming glaciated, as would 
have occurred at the Last Glacial Maximum, then this region could have acted as an important CO2 
source. As biospheric carbon stocks diminish and OCpetro oxidation rates are simultaneously 
enhanced, an increased source of atmospheric CO2 has the potential to buffer climate change in this 
basin over millions of years.  
 
4.5 Conclusion 
Elemental Re abundance is used to provide insight into the oxidative weathering reactions driving 
the release of CO2 to the atmosphere from sedimentary organic matter in the Mackenzie River 
Basin. River water and sediment collected from 2009–2013 at sites on the main Mackenzie River 
and its tributaries are used to assess spatial and temporal patterns of chemical weathering and Re 
mobility. Limited loss of Re is observed in the river sediments, with Re appearing to be distributed 
evenly throughout the water column from the river bed through to the suspended load, regardless of 
the grain size. The low density of OCpetro makes it a plausible component as the major Re host. In 
the dissolved products of chemical weathering, we examine Re source (from silicate minerals, 
sulfides and OCpetro) using [Re]/[Na] and [Re]/[SO4
2-
] ion ratios. Based on endmember 
compositions from a literature compilation, we estimate that >85% of the dissolved Re is derived 
from OCpetro at the main channel sampling sites. The strong affiliation of Re with OCpetro confirms 
Re is a suitable proxy for tracking OCpetro weathering. 
 
Dissolved Re flux measurements are used together with estimates of bedrock [Re]/[OC] to quantify 
CO2 release by OCpetro oxidation. The [Re]/[OC] of the unweathered source rock is constrained 
using [Re]/[OC] and 
14
C data from the river suspended sediments and bed materials. Potential 
errors in the Re flux derived from differences in the mobility of Re and CO2 during weathering and 
the presence of graphitic carbon that is less susceptible to oxidation are assessed using a Monte 
Carlo Simulation. Using this method, we conclude that OCpetro oxidation is a significant source of 
CO2 to the atmosphere in the Mackenzie River Basin, of 0.38 
+0.10
/-0.09 tC km
-2
 yr
-1
; comparable in 
magnitude to the atmospheric CO2 that is sequestered by silicate weathering (Gaillardet et al., 
1999). However, the absolute rates of this CO2 emission in the Mackenzie River catchment are not 
sufficient to negate the estimated CO2 drawdown by erosion of OC from the terrestrial biosphere 
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and during silicate weathering by carbonic acid. Therefore, the Mackenzie River catchment 
presently acts as a carbon sink, sequestering atmospheric CO2 during weathering and erosion. The 
potency of this sink mainly depends on the ratio between OCpetro oxidation and biospheric carbon 
erosion and burial. We postulate that this may not have been constant over glacial–interglacial 
cycles, which will have impacted the net CO2 budget of this large river basin.  
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4.6 Supplementary Figures 
Supplementary Figure 4.1 Relationship between [Re]diss and ΣCations*. The positive correlation reflects 
the broadly consistent rate that Re and cations are released to the river dissolved load during chemical 
weathering. There is a tendency for the Arctic Red River, Peel River and Peel tributaries to have relatively 
higher Re and Cations* concentrations, which may reflect the higher physical erosion rates in these 
catchments relative to the Liard and Mackenzie catchments. 
 
 
Supplementary Figure 4.2 Correspondence between [Re]diss flux calculated by a modelled relationship 
between [Re]diss and discharge versus average [Re]diss multiplied by average discharge over 2009–2013. 
Re flux calculated by a power-law model versus the average concentration method in the Mackenzie River 
(Tsiigetchic sampling locality). Error bars are ±10% deviations on the given value. 
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Supplementary Figure 4.3 Relationship between δ
13
C and the [Re]/[OC] content of the river sediments. 
Bedload samples have low δ13C and high [Re]/[OC], while suspended sediments (spm) are isotopically 
heavier and have lower [Re]/[OC] ratios. 
 
Supplementary Figure 4.4 Relationship between OCpetro concentration and Re concentration in the 
source rock. Data from the Mackenzie River Basin are considered alongside published data from western 
Canada (Ross and Bustin, 2010): data from the Besa and Golata sampling localities are marked as open 
circles with the mean as solid circle (±2 SE), while data from Muskwa and Fort Simpson are coded as open 
diamonds, with the mean as a filled diamond (±2 SE). For comparison, linear trend lines for the different 
catchments from our study are shown in red (Liard), grey (Mackenzie at Tsiigetchic) and blue (Peel) and 
these have gradients that reflect the Re/OCpetro content of the bed materials.  
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4.8 Appendix  
Following the approach of Gaillardet et al. (1999) and others, the general form of the mixing 
equation to determine the relative contribution of the endmembers in Figure 4.5 is given by: 
 
Equation 5.1A      !"#$%&& ='()
 
!"#% '× '*%+,-.    
 
where i refers to the organic matter, sulfide and silicate source reservoirs and ai is the mixing 
proportion of Re, where the sum of the ai = 1. Because of the uncertainty on the exact compositions 
of the endmembers (particularly for the sulfide and OCpetro) we use this approach to provide a semi-
quantitative estimate of the Re contribution from weathering of OCpetro. To do this, we solve 
Equation 1 using the endmember compositions provided in Table 4.3.  
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Chapter 5 
 
 
Controls on the molybdenum isotope 
fractionation during weathering and 
erosion in river catchments 
 
 
 
Paringa River in the western Southern Alps, New Zealand; September 2014  
 
 
Summary: The adsorption of isotopically light molybdenum to (oxyhyr)oxides appears to 
control the fraction and isotope composition of molybdenum remaining in river water.  
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Abstract  
Molybdenum (Mo) isotopes can be used to investigate the weathering and redox reactions that 
control the composition of continental runoff and ultimately the long-term evolution of Mo 
isotopes in seawater. Here, we present measurements of δ98/95Mo for rivers in mountain catchments 
in the Southern Alps, New Zealand; the Mackenzie River Basin and the Yukon, north west Canada; 
and the Skaftá River, Iceland. These settings have contrasting lithologies, differing erosion rates 
and processes (glacial versus non-glacial), and variable extents of biological cover, which allow us 
to explore the potential controls on dissolved δ98/95Mo variability in rivers. To understand the 
processes involved, we have examined weathering products on hillslopes, river bed materials and 
river suspended sediments, alongside the dissolved products of weathering.  
 
We observe large differences in the dissolved river δ98/95Mo composition across the different study 
sites that reflect the variability (~0.7‰) in the δ98/95Mo composition of the bedrock geology and the 
primary minerals sourcing Mo to the rivers. The Mo isotope composition of river waters varies 
between New Zealand (δ98/95Mo = 0.00 to 0.32‰), Iceland (δ98/95Mo = 0.26 to 0.47‰) and the 
Mackenzie and Yukon rivers (δ98/95Mo = 0.73 to 1.53‰). Molybdenum is sourced from sulfides, 
silicate minerals and petrogenic organic carbon (OCpetro) and their relative contribution to the 
dissolved river Mo budget is evaluated using [Mo]/[Na*] and [Mo]/[SO4
2-
] ion ratios found in pure 
mineral endmembers. We find that the bulk of dissolved Mo is derived from OCpetro in the Southern 
Alps and the main channels of the Mackenzie River Basin (>90%), with sulfides providing a 
slightly greater contribution to some of the smaller rivers in the south of the Mackenzie River 
Basin. In Iceland, dissolved Mo in the Skaftá River is derived predominantly from silicate minerals 
(~99%), with a minor role of sulfides also apparent.  
 
In all of the river catchments, a shift towards heavier Mo isotope compositions in the dissolved 
load (Δ98/95Modiss-BM = ~0.4–0.8‰) is observed, relative to the bed materials, which is independent 
of lithological variability and cannot be explained by primary mineral dissolution alone. Potential 
mechanisms that could drive this fractionation include atmospheric inputs, biological processes, 
secondary weathering reactions and the cycling of Mo by organic matter. However, we find that 
the δ98/95Mo composition of the river waters becomes heavier as the amount of Mo remaining in 
solution decreases, suggesting that isotopically light Mo is being removed from the dissolved load. 
In support of this hypothesis, the δ98/95Mo data from colluvium samples from hillslopes of the 
western Southern Alps are enriched in isotopically light Mo, by up to 0.9‰, relative to local river 
bed materials. The δ98/95Mo and Mo concentration data are most consistent with the adsorption of 
Mo on to Fe and Mn (oxyhydr)oxides being the primary driver of the observed fractionation, and 
the fractionation factors observed closely match those predicted by experimental modelling studies. 
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5.1. Introduction 
The mobilisation and sequestration of molybdenum (Mo) in Earth’s surface environments bears on 
our understanding of the weathering and redox reactions that control atmospheric gas 
concentrations (Arnold et al., 2004), biological processes (e.g. Barron et al., 2009) and the 
chemistry of rivers and oceans (Archer and Vance, 2008). Molybdenum cycling is relevant for 
interpreting the evolution of atmospheric O2 and CO2 as a result of its dynamic redox behaviour in 
surface environments (e.g. Bertine and Turekian, 1973; Morford and Emerson, 1999). For living 
organisms, Mo represents an essential micronutrient required by enzymes for catalysing reactions 
in carbon, sulfur and nitrogen metabolism. The largest flux of Mo to the World’s oceans is thought 
to be from rivers, which are estimated to discharge ~3.1 × 10
8
 mol yr
-1
 of Mo to the oceans (Miller 
et al., 2011); this is much larger than the ~0.2 × 10
8
 mol yr
-1
 derived from hydrothermal systems 
(Kendall et al., 2017; Wheat et al., 2002) (Chapter 1, Figure 1.11). As such, the Mo isotope 
composition of river waters (reported as δ98/95Mo = [ ((98Mo/95Mo)sample / (
98
Mo/
95
Mo)NIST-3134) - 1 ] 
× 1000 [‰]) places a fundamental boundary condition on the Mo isotope composition of the 
oceans (Archer and Vance, 2008; Pearce et al., 2010a) 
 
Molybdenum is removed from seawater in sediments and this can induce an isotope fractionation 
that can vary depending on the redox state of the depositional environment. Under oxidising 
conditions, Mo is present in solution as the stable hexavalent oxyanion molybdate, MoO4
2-
. In this 
form, Mo is slowly removed from the water column through uptake into ferromanganese phases, 
such as magnetite, ferrihydrite, goethite and hematite minerals, which preferentially incorporate 
isotopically light Mo (Barling et al., 2001; Barling and Anbar, 2004; Goldberg et al., 2009; Miller 
et al., 2011; Wasylenki et al., 2011). Oxic sediments tend to show the largest Mo isotope 
fractionation, and their Mo isotope composition broadly scales with the degree of anoxia (Kendall 
et al., 2017). As a result of this fractionation, the modern oceans are the heaviest Mo reservoir on 
Earth (Kendall et al., 2017).  
 
In contrast, Mo is readily removed from solution in anoxic-sulfidic waters with very little net 
isotope fractionation. In the presence of reduced sulfur, Mo forms oxothiomolybdate ions, 
[MoO4-xSx]
2-
, which are highly particle-reactive and thus are rapidly removed from solution (e.g. 
Barling et al., 2001; Bostick et al., 2003; Dahl et al., 2013; Helz et al., 1996). In euxinic settings, 
the reduced Mo fractionation means that the isotope composition of sediments is more similar to 
seawater, with some restricted marine basins implying quantitative Mo removal (e.g. Arnold et al., 
2004; Barling et al., 2001; Neubert et al., 2008; Noordmann et al., 2015). These features have led 
to the use of Mo isotopes to understand palaeo-redox conditions in marine sediments from the 
geological record (e.g. Algeo and Lyons, 2006; Dean et al., 1999; Pearce et al., 2010b; Scott et al., 
2008).  
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However, to interpret δ98/95Mo records from sediments requires knowledge of the processes that 
determine the Mo isotope composition of continental runoff (Dickson, 2017). Measurements of 
δ98/95Mo in the dissolved load of rivers display large variability from -0.1‰ to 2.15‰ (Archer and 
Vance, 2008). The degree to which this variability reflects the weathering source (i.e. δ98/95Mo of 
rocks being weathered) versus process (e.g. fractionation of Mo during weathering or cycling by 
the biosphere) still remains unclear (Neubert et al., 2011). When rocks are exposed to weathering 
reactions, Mo can be oxidised to the soluble MoO4
2-
 anion, which coordinates weakly with other 
environmentally common ligands and tends to dominate aqueous speciation. In the form of the 
MoO4
2- 
anion, Mo is susceptible to leaching from the soils (Arnorsson and Oskarsson, 2007; Gupta 
et al., 1997; Miller et al., 2011) and may be mobilised and transported through the hydrological 
network of a catchment, delivering dissolved Mo to rivers (Miller et al., 2011). Mo (VI) species are 
abundant over a range of Eh and pHs that span typical freshwater (and seawater) conditions 
(Kendell et al., 2017). 
 
Sulfide minerals, such as diagenetic pyrite, and organic matter are thought to be major host phases 
of Mo in the Earth’s crust (Raiswell and Plant, 1980) and they are generally enriched in heavy 
isotopes compared to silicate minerals (e.g. Voegelin et al., 2012). The dissolution of these easily 
oxidised phases will therefore yield higher δ98/95Mo values in river waters than would be expected 
from the dissolution of primary silicate minerals (Neubert et al., 2008; Neubert et al., 2011). 
Nevertheless, although dissolved river δ98/95Mo values can directly reflect the Mo isotope 
composition of the catchment lithology (Malinovsky et al., 2007; Neubert et al., 2011), elsewhere, 
isotope fractionation has been observed (Pearce et al., 2010a; Scheiderich et al., 2010) or inferred 
to explain larger isotope variability (Archer and Vance 2008). For instance, the discharge-weighted 
mean river δ98/95Mo (based on measurements from rivers making up 22% of global water 
discharge) is ~0.45‰ (Archer and Vance 2008). This is higher than the δ98/95Mo  values of silicate 
rocks of the upper continental crust, which have a typical range of approximately δ98/95Mo = 0 to 
0.15‰ (Greber et al., 2014; Voegelin et al., 2014; Willbold and Elliott, 2017), and implies 
significant Mo isotope fractionation has occurred between the bulk silicate crust and continental 
runoff. The fractionation of Mo isotopes may arise during the following processes: i) incongruent 
dissolution of primary minerals; ii) secondary clay mineral formation; iii) the development of iron 
(Fe) and manganese (Mn) (oxyhydr)oxides; iv) reactions associated with soil organic matter and 
redox processes; v) biological cycling; and vi) atmospheric inputs (Siebert, et al. 2015). The effects 
of these processes are only just beginning to be explored at the soil profile scale (Siebert et al., 
2015; King et al., 2016) and the river catchment scale (e.g. Neubert et al., 2011; Voegelin et al., 
2012), with little known about the Mo isotope composition of river suspended sediments (Siebert et 
al., 2015). 
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To better constrain the controls on the δ98/95Mo values of river waters, we have examined the Mo 
concentration and δ98/95Mo values in river dissolved loads (δ98/95Modiss), suspended particulate 
material (δ98/95MoSPM) and river bed materials (δ
98/95
MoBM), in addition to soil colluvium 
(δ98/95MoCOL) and surface soil litter (δ
98/95
Molitter) samples that characterize Mo behaviour in the 
weathering zone of hillslopes. We have also evaluated the behaviour of Mo in relation to the 
element rhenium (Re), which is thought to be sourced from similar mineral phases to Mo (Peucker-
Ehrenbrink and Hannigan, 2000) and also becomes soluble and mobile following weathering (as 
ReO4
-
) (Miller et al., 2011). However, in contrast to Mo, Re is thought to be rarely incorporated 
into secondary weathering products and terrestrial organic matter (Colodner et al. 1993). To assess 
the potential mechanisms driving Mo isotope fractionation in rivers we also undertook selective 
extractions on river suspended sediments, which allowed the δ98/95Mo values associated with 
different particulate phases to be interpreted.  
 
Our investigation uses three locations with contrasting lithology, erosion rates and erosional 
processes (e.g. glacial versus non-glacial catchments). First, the rivers of the western Southern 
Alps, New Zealand, are considered. These rivers drain meta-sedimentary rocks with relatively 
uniform composition along strike of the Alpine Fault (Mortimer, 2004), but there is variability in 
glacial coverage, exposure of bare rock and temperate rainforest (Hall and Riggs, 2011; Hilton et 
al., 2008). Consequently, the western Southern Alps permit an assessment of the role that 
biological productivity and glacial processes may have on Mo mobilization and isotope 
fractionation within river catchments. Second, we consider samples from river catchments within 
the Mackenzie River Basin and the Yukon River, north-west Canada. Rivers there drain 
sedimentary rocks with higher organic matter and sulfide contents relative to the New Zealand 
catchments (Calmels et al., 2007; Hilton et al., 2015; Marsh et al., 2003; Mathez et al., 1995; 
Verplanck et al., 2008). Third, we assess samples from the glacial Skaftá River in Iceland that 
drains basaltic rock, to complement existing δ98/95Mo data from Iceland (Pearce et al., 2010a). 
Together, the catchments have allowed us to assess any common behaviour of δ98/95Mo isotopes 
with differences in lithology, erosion rate and biological cover. We will demonstrate that 
lithological differences can explain only some of the variability in the rivers across the studied 
sites, and that there is evidence for a further 0.4–0.8‰ offset between river waters and 
unweathered river sediments, which can be attributed to fractionation during weathering and 
transport; consistent with the complexation of Mo with (oxyhydr)oxides. 
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5.2. Methodology 
5.2.1 Sample sites 
The Southern Alps is a steep mountain belt built by transpression along the Alpine Fault and it has 
an uplift rate of 8–10 mm yr-1 (Tippett and Kamp, 1995). The western flank has a temperate 
climate, with a high erosion rate driven by orographic precipitation, exceeding 8 m yr
-1
, steep 
slopes and bedrock landslides that expose meta-sedimentary rocks (Hovius et al., 1997; Jacobson et 
al., 2003). Along the western Southern Alps, the metamorphic grade varies perpendicular to the 
Alpine Fault strike, but the sedimentary protolith is similar in all catchments and the organic 
carbon content of the rocks ranges from ~0.1 to 0.2% (Hilton et al., 2008; Nibourel et al., 2015). 
Physical erosion rates vary from 4072 t km
-2
 yr
-1
 in the Haast catchment to 10,136 t km
-2
 yr
-1
 in the 
Whataroa catchment (Hicks et al., 2011). Chemical erosion yields range from 110 t km
-2
 yr
-1
 in the 
Hokitika catchment to 120 t km
-2
 yr
-1
 in the Whataroa catchment (Jacobson and Blum, 2003). 
However, there are significant differences in glacial coverage, including two catchments with large 
valley glaciers (Waiho and Fox) and a large area of exposed bare rock, contrasting with catchments 
of similar size but with <4% glacial coverage (e.g. Poerua, Waitangitaona, Makawhio) and 
developed temperate rainforest. River samples were collected from 13 major catchments in the 
western Southern Alps and two draining the eastern flank (Figure 5.1).  
  
Figure 5.1 Geological map and sampling localities in New Zealand. Geological map is adapted from  
Mortimer et al. (2004). Inset indicates the main river catchments sampled in the Southern Alps.  
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The Mackenzie River Basin spans an area of 1.78 × 10
6
 km
2
 and drains the Rocky and Mackenzie 
Mountains (Rockies) in north west Canada. The basin geology comprises 68.3% sedimentary rocks 
(clastics and carbonates), including the carbonate platform in the central part, the carbonaceous 
shales of the interior plain and the Rockies, which are mainly composed of carbonate, dolomitic 
limestone and shale (Calmels et al., 2007; Millot et al., 2003; Reeder et al., 1972; Wheeler et al. 
1996). The sedimentary rocks host organic carbon, with petrogenic organic carbon (OCpetro) 
concentrations that are typically between 0.1 and 0.3 wt. % organic carbon (OC), but can reach 0.6 
wt. % locally in the Peel catchment (Hilton et al., 2015). There are 29.2% of non-sedimentary 
rocks in the basin, including the granitic rock outcropping in the Rockies and 2.5% of evaporites in 
the plains (Beaulieu et al., 2011; Millot et al., 2003). Five key localities from across the basin were 
included in a Mo isotope analysis. Two sampling localities were along the main channel of the 
Mackenzie River, at the Environment Canada gauging stations Tsiigehtchic and the Middle Delta. 
In addition, the Peel River and its tributary, the Ogilvie River, which join the Mackenzie River 
between Tsiigetchic and the Middle Delta were assessed (Figure 5.2). The Yukon River, sampled 
at Dawson to the south west of Mackenzie River Basin, was also included as an example of a river 
where glacial and periglacial processes operate in headwaters over rocks that are relatively 
enriched in sulfide and organic carbon, compared to the Southern Alps (Marsh et al., 2003; 
Verplanck et al., 2008; Mathez et al., 1995). The physical erosion rate in the Canadian catchments 
is variable: the average annual suspended sediment yields for the Mackenzie (Tsiigetchic) and Peel 
catchments are 124 t km
-2
 yr
-1
 and 294 t km
-2
 yr
-1
, respectively (Carson and Conly, 1998). In the 
Yukon catchment (at Dawson) physical erosion rates are 125 t km
-2
 yr
-1
 (Brabets et al., 2000).  
 
Figure 5.2 Sampling of the Mackenzie River Basin, northern Canada. A. Main lithological sub-divisions 
(Cordillera, Interior Platform and Canadian Shield) and the major sub-basins (Peel, Bear, Liard, Slave, Peace 
and Athabasca) of the Mackenzie River Basin (modified from Millot et al., 2003). B. Location of major 
rivers sampled within the Mackenzie River Basin (modified from Hilton et al., 2015). C. Location of 
sampling sites along Peel tributaries. Samples included in the Mo isotope analysis are marked with stars.    
CHAPTER 5 │ Molybdenum Isotope Fractionation in River Catchments 
147 
 
In Iceland, sampling focussed on the Skaftá River catchment, which drains the Skaftárjökull area of 
the Vatnajökull glacier in the south of the island (Figure 5.3). Although this region is 
predominantly basaltic, the Skaftá River is sourced directly from the Vatnajökull glacier, which 
covers sulfide rich rocks from the tholeiitic rock suite (Jónsdóttir, 2008; Torssander, 1989). 
Bedrock ages here range from Quaternary to Recent. Average physical erosion rates are  2084 t 
km
-2
 yr
-1
, whilst the average chemical weathering rates are 150 t km
-2
 yr
-1 
(Gislason et al., 1996; 
Pogge von Strandmann et al., 2006).  
 
 
Figure 5.3 Geological map and sampling localities in Iceland. Geological map is adapted from 
Oskarsdottir et al. (2011). Inset shows sampling localities along the Skaftá River. 
 
5.2.2 Sample collection  
To assess the primary controls and processes affecting δ98/95Mo values in rivers, we sampled the 
dissolved load and the solid products of weathering and erosion, including weathered colluvium 
from hillslopes, suspended river sediments and relatively un-weathered river bed materials of sand 
and finer grade. A summary of the number of samples from each study region used for δ98/95Mo 
analyses and additional water samples included in Mo abundance analyses is provided in Table 5.1.
 
 
5.2.2.1 Dissolved load 
In the Southern Alps, river waters (n = 51) were collected from the centre of river channels at their 
surface. Catchments were sampled 2–6 times over a 1 month period (14/09/14 – 03/10/14) under 
different discharge regimes. Each water sample (7–8 litres) was transferred into a clean bucket and 
decanted to sterile plastic bags. The sample bags were weighed to determine the sample volume, 
prior to water filtration through 142 mm diameter, 0.2 µm polyethersulfone (PES) filters in pre-
cleaned filter units within a day of collection. Samples were stored in acid-cleaned low-density 
polyethylene (LDPE) bottles in the dark at 4°C. All water samples intended for cation and trace 
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metal analysis were acidified in the field to pH ~2 following published methods (Dalai et al., 2002; 
Hilton et al., 2014) with an un-acidified aliquot kept for anion analyses. Out of the total 51 samples 
collected, 13 samples from the major rivers draining the western Southern Alps and 3 from the 
eastern Southern Alps were also selected for Mo isotope analysis (Figure 5.1).  
 
Thirteen samples from across the Mackenzie River Basin, Canada, were collected by similar 
methods over 2009–2013, including the Liard and Arctic Red tributaries to the Mackenzie River 
and several tributaries to the Peel River. These river waters were used to assess patterns in Mo 
abundance and its source across the basin (Figure 5.2). Four samples from the Mackenzie River 
Basin and the one sample from the Yukon River catchment, Canada, were utilized for the Mo 
isotope analyses. Similar methods were used to collect water samples from the Skaftá River 
catchment in southern Iceland (n = 10) in 2013 and 2014, and five of the samples collected in 2014 
were included in a Mo isotope analysis. In addition, in the western Southern Alps, two 250 mL 
rainwater samples were collected from the Franz Josef area over separate 10 h periods to evaluate 
the potential atmospheric contribution of Mo to the river waters. 
 
5.2.2.2 Solid materials 
In the western Southern Alps, soils are generally thin and weathering profiles are often poorly 
developed (Larsen et al., 2014). However, in an attempt to characterize Mo behaviour in the 
weathering zone, and to assess the potential for isotope fractionation of Mo occurring within soils 
(King et al., 2016; Siebert et al., 2015), we measured the Mo isotope composition of surface soils 
through to more weathered colluvium on the forested hillslopes of Alex Knob, which drains to the 
Doherty Creek catchment. Four ~500 cm
3
 sized samples of weathered colluvium from 10 to 70 cm 
depth below the soil surface were collected at three sites. Four surface soil samples comprising a 
mixture of litter and mineral soil were collected using a metal trowel, and transferred to sterile 
plastic bags.  
 
To help constrain the chemical composition of the least weathered portion of the river load, river 
bed material samples from the Southern Alps (n = 13) and Canada (n = 5) were analysed to help 
constrain the composition of the catchment averaged river bed materials (Dellinger et al., 2014; 
Galy et al., 2008). Samples were collected from channel edges or from bank deposits that represent 
the fine fraction deposited during high flow regimes, and transferred to sterile plastic bags. In 
addition, the composition of suspended sediment was measured to evaluate any materials in the 
rivers that may retain a signature of rocks, mixed with modern weathering processes (Dellinger et 
al., 2014). Suspended sediment was immediately rinsed from the filters using filtered river water 
and transferred to clean amber-glass vials. All suspended sediments were freeze-dried upon return 
to laboratories within two weeks and weighed.  
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5.2.3 Molybdenum concentration determination 
Molybdenum concentrations in the dissolved river loads were determined by direct calibration 
against a pure Mo standard that was diluted to varying extents in 0.5M HNO3 to form solutions 
with a concentration range comparable to that observed in the samples. The samples were analysed 
using a quadrupole inductively coupled mass spectrometer (Q-ICP-MS, X-Series) at Durham 
University. The Mo concentrations of water samples processed for δ98/95Mo were also quantified as 
an output of the double spike method (Rudge et al., 2009). These were ~12% higher than the direct 
calibration data (Chapter 2, Figure 2.13). Although the direct measurements are precise, the 
accuracy may be lower because only synthetic standards were used. All reported data in the main 
text are from the direct calibration method to enable consistency in the comparison across all 
samples. However, where the most accurate numbers were important for interpretation purposes 
(Figure 5.12) we used the [Mo]diss data quanitified by ID MC-ICP-MS on the same sample aliquot 
also processed for δ98/95Mo analysis. The IAPSO standard measured by ID MC-ICP-MS yielded a 
concentration of 10.9 ± 0.51 ng g
-1
 (n = 5, ±2 SE), in agreement with published values of 10 and 11 
ng g
-1
 (Greber et al., 2012). Duplicate sample data are provided in the data tables (section 5.7). 
 
Before digesting solid samples for Mo concentration analysis, sediments were first powdered using 
a zirconium disc mill. Homogenizing bedload samples by crushing permitted an assessment of the 
average bulk Mo composition of the rocks at the catchment-scale. The powdered solid samples 
(surface soil, weathered colluvium, river bed materials) and suspended particulates (non-powdered) 
were then digested in a 2:1 mix of concentrated HF-HNO3 (6 mL total) for 72 hours at 120ºC and 
then evaporated. The dried sample was further digested in a 2:1 mix of concentrated HNO3-HCl 
(4.5 mL) for 48 h at 120ºC, and then evaporated, and then 3 mL of 16M HNO3 followed by 5 mL 
of 6M HCl was added. After the solution was evaporated, the residue was re-dissolved in 10 mL of 
1M HCl and a small aliquot (0.5 mL) was extracted for concentration analysis. These initial Mo 
concentration measurements were acquired on the Q-ICP-MS at Durham University and were used 
to calculate the ideal spike volume required for δ98/95Mo analysis (based on a 1:1 spike-sample 
ratio). The Mo concentrations in solid samples were quantified to higher accuracy and precision 
using isotope dilution methods on the same samples subsequently processed for δ98/95Mo 
determination by multiple collector inductively coupled plasma mass spectrometry (MC-ICP-MS, 
Thermo-Fischer Neptune: Chapter 2, section 2.5). Replicate and duplicate concentration analyses 
on the standards IAPSO and BHVO-1 by isotope dilution methods produced data in agreement to 
within 8 and 4%, respectively (Chapter 2, Figure 2.14). 
 
5.2.4 Molybdenum isotope analysis 
For Mo isotope analysis in all sample types, Mo was separated and purified using anion exchange 
chromatography. In summary, for river waters, between 30 and 500 mL of the water was doped 
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with a known amount of a 
97
Mo-
100
Mo double spike solution to achieve a combined Mo mass of 
~100 ng and a spike-sample mix ratio of 1:1. The chemistry was modified from that described by 
Pearce et al. (2009). The spiked water sample was evaporated to dryness before being re-dissolved 
in 5 mL 0.5M HCl for loading on to 2 mL of anion exchange resin (Bio-Rad AG1-X8) in a column. 
The resin was pre-cleaned with 20 mL 8M HNO3, 10 mL 6M HCl, 10 mL 1M HCL, 5 mL 1M HF 
and 10 mL 3M HNO3, and preconditioned with 5 mL 0.5M HCl. The sample was loaded on to the 
anion exchange resin in 5 mL 0.5M HCl, and the bulk matrix was washed through with 5 mL 0.5M 
HCl, 10 mL 0.5M HCl + 1M HF, 8 mL 4M HCl and 12 mL 1M HF. The Mo was finally eluted in 
12 mL 3M HNO3.  
 
For the solid samples, the chemistry was based on the method of Willbold et al. (2016). The 
columns were pre-cleaned with 10 mL 0.5M HCl, 10 mL 2M NH4NO3 + 2M NH4OH, 10 mL 8M 
HNO3, 5 mL 1M HF and 10 mL 0.5M HCl. The columns were then preconditioned in 3 mL 3M 
HCl. After concentration checks via Q-ICP-MS, the remaining 1M HCl solution from the digestion 
process was spiked, before being evaporated and brought up in 4.75 mL of 3M HCl for loading. 
Immediately prior to loading, 0.25 mL of ascorbic acid was also added to the samples to oxidise Fe 
from Fe
2+
 to Fe
3+
 and enhance removal of Fe adsorbed to the resin matrix. The volume of anion 
exchange resin used was 1 mL. A bulk wash with 3 mL 3M HCL followed. A 13 mL mixture 
consisting of 0.5M + 0.5% H2O2 was then added to the columns in 1 mL aliquots for the first 3 mL, 
and 5 mL aliquots for the final 10 mL, to elute residual Fe. Zinc was eluted in 10 mL 1M HF. The 
Mo aliquot was collected in 12 mL of 1M HCl in acid cleaned Teflon beakers. The total procedural 
blanks for processing Mo in this study ranged from 0.1–1.7 ng g-1 with a mean blank [Mo] = 0.75 ± 
0.51 ng g
-1
 (n = 16, ±1 SD).  
 
Isotope measurements were made using a MC-ICP-MS (Thermo-Fischer Neptune) in the Arthur 
Holmes Geochemistry Laboratories, Durham University. Samples were introduced to the 
instrument using an Aridus II desolvator and a Savillex PFA20 nebuliser at 150–200 ng g-1 
concentration in 0.5M HNO3. The data were deconvolved using IsoSpike, which is an add-in to 
IGOR Pro (Paton et al., 2011). Mass bias was corrected for using the double spike method (Pearce 
et al., 2009). Data are presented in delta notation (δ98/95Mo), reported relative to the NIST SRM 
3134 standard reference material (SRM) (Equation 5.1), where δ98/95MoNIST-3134 = 0‰. We note, 
however, that different isotope ratios (e.g. 
97
Mo/
95
Mo) and alternative normalisations have been 
used, relative to different purified Mo standard solutions, such as ‘mean ocean water molybdenum’ 
(Siebert et al., 2001) or more recently to a non-zero value of NIST SRM 3134 (e.g. Greber et al., 
2012). Consequently, in this study we have ensured that, where necessary, reported literature Mo 
isotope data have been re-calculated to δ98/95Mo = 0‰ for NIST SRM 3134. 
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Equation 5.1    !"Mo#$%&'( )= )) *+ ,-./0123
45647
,-89:;<><?45647 @ A BC)× )BDDD)[]  
 
The long-term δ98/95Mo machine reproducibility was determined by measurement of an in-house 
Romil standard run under the same instrumental conditions, which gave δ98/95Mo = 0.046 ± 
0.029‰ (n = 99, ±2 SD). The long term reproducibility of the IAPSO seawater reference material 
is δ98/95Mo = 2.07 ± 0.06‰ (n = 5, ±2 SD) (Chapter 2: Figure 2.17), which is indistinguishable 
from the mean published value of 2.08 ± 0.10‰ (Goldberg et al., 2013). Full procedural duplicate 
analyses on two water samples provided data in agreement to within 0.02‰ and these data were 
averaged and reported with ±2 SD error on the mean value. Duplicate analyses on 12 sediment 
samples produced data in agreement to within 0.1‰, with a mean difference of 0.025‰. The long-
term reproducibility on the BHVO-1 basalt reference material processed in each analysis is 
δ98/95Mo = 0.19 ± 0.04‰ (n = 21, ±2 SD) (Chapter 2: Figure 2.17). Sample reproducibility for 
solid samples is shown in Figure 2.18 in Chapter 2: all samples fall within the ±2 SD error of the 
0.05‰ fits of a 1:1 line. 
 
5.2.5 Molybdenum sequential extraction: leaching experiment 
Two suspended sediment samples from the western Southern Alps were subjected to two 
sequential extractions following established methods (Chan and Hein, 2007). The first extraction 
consisted of leaching with 10% acetic acid (HAc, Ultrapure). Approximately 1g of suspended load 
particulates from a glacial catchment (Fox: sample NZ14-86) and a catchment with glaciers 
confined to headwaters (Cook: sample NZ14-69) were each mixed with 40 mL of ultrapure HAc in 
capped Teflon beakers. The mixtures were then agitated in an ultrasonic water bath for 45 min, 
after which the particles were allowed to settle over 24 h. The supernatants were pipetted off with 
acid-cleaned pipette tips. The remaining residues were subsequently dissolved in distilled 2M HCl 
and the solutions agitated in an ultrasonic water bath for 45 min, after which they were placed on a 
hotplate at 70°C for 2 h. The final residues were left to settle over 24 h and then the HCl leach 
supernatant was pipetted off. Here after, we refer to the two extractable fractions as the HAc-
leachable fraction and the HCl-leachable fraction. The supernatants corresponding to both the 
HAc-leachable fractions and the HCl-leachable fractions were evaporated to dryness and 
redissolved in 0.5M HNO3 for Mo abundance and isotope analysis. 
 
Metal cations, such as Mo, can complex with inorganic soil constituents such as carbonates, 
sulfates, hydroxides and sulphides to form either precipitates or positively charged complexes. 
These complexation and precipitation reactions are both pH dependent (Alghanmi et al. 2015). In 
the sequential extraction process described herein, the HAc was intended to remove loosely bound 
exchangeable Mo (Chan and Hein, 2007; Wimpenny et al., 2010) and to target any Mo present in 
carbonate phases (Henkel et al., 2016). The HCl leach was intended to remove Mo tightly bound to 
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Fe and Mn (oxyhydr)oxide-oxide residues from the particulates (Chan and Hein, 2007; Wimpenny 
et al., 2010). Previous studies have noted the effectiveness of HCl for attacking water soluble, acid-
soluble and exchangeable Mo (Siebert et al., 2015). Consequently, we anticipate that Mo present 
within easily reducible and poorly crystalline Fe (and Mn) hydroxides and oxyhydroxides will 
most likely be extracted by HCl leaching (Henkel et al., 2016; Siebert et al., 2015; Wiederhold et 
al., 2007). Organic matter is not thought to be extracted in either the HAc or HCl leaches. Prior 
studies suggest the need for an additional leaching agent, such as H2O2, to extract Mo associated 
with the oxidizable fraction (e.g. Siebert et al., 2015).  
 
5.2.6 Additional data 
Major ion concentrations in water samples were analysed by Ion Chromatography (Thermo 
Scientific Dionex) at the Department of Geography, Durham University. Cation and anion 
standards and a certified reference standard (Lethbridge-03) were run to validate the analytical 
results. Data on the rhenium (Re) composition of the dissolved load and solid products were 
determined by isotope dilution coupled to analysis by Q-ICP-MS (Thermo Scientific X-Series) 
(Chapters 3, Horan et al., 2017; Chapter 4) and are included for comparison to the behaviour of 
Mo. In river bed materials and soils, the total organic carbon concentration ([OC], %) was 
measured following a 0.2M HCl leach protocol (Galy et al., 2007). Aliquots of samples were 
combusted and the concentration and stable isotope composition of OC (d
13C, ‰) was determined 
using a Costech elemental analyser coupled to a Thermo Scientific Delta V Advantage isotope ratio 
mass spectrometer (EA-IRMS) at Durham University.  
 
5.3. Results 
5.3.1. Southern Alps, New Zealand 
5.3.1.1 River bed materials 
The river bed materials from the western Southern Alps have Mo concentrations, [Mo]BM, of 0.14–
0.65 µg g
-1
 (Figure 5.4), with a mean value of 0.29 ± 0.08 µg g
-1
 (n = 12, ±2 SE) (Table 5.2). 
However, there are differences between the river bed materials from the Fox and Waiho 
catchments relative to the catchments that do not have large valley glaciers: the former have mean 
[Mo]BM = 0.46 ± 0.21 µg g
-1
 (n = 3, ±2 SE), while the latter have mean [Mo]BM = 0.23 ± 0.04 µg g
-1
 
(n = 9, ±2 SE). The isotope composition of the river bed materials, δ98/95MoBM, in the western 
Southern Alps ranges from -0.43 to -0.12‰ (Figure 5.4), with a mean value of δ98/95MoBM = -0.31 
± 0.05 ‰ (n = 12, ±2 SE), although we observe some variability in the isotope composition of the 
bed materials between the two types of catchment. The Fox and Waiho catchments have a mean 
δ98/95MoBM = -0.24 ± 0.07‰ (n = 3, ±2 SE), which is slightly higher than the river bed materials 
collected from the less glaciated sites, where mean δ98/95MoBM = -0.33 ± 0.05‰ (n = 9, ±2 SE); 
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although the values are indistinguishable at the ±2 SE level. In the eastern Southern Alps, coarse 
angular debris collected from close to the pro-glacial lake of the Hooker glacier has a Mo 
concentration of 0.16 µg g
-1
 and an isotope composition of -0.34 ± 0.05‰ (±2 SD), while coarse 
debris collected from the banks of the Tasman River, which also flows from a glacial lake has a 
higher concentration of 0.31 µg g
-1
 and a much heavier δ98/95Mo composition (0.35 ± 0.01‰, ±2 
SD). However, as only two measurements are available from the eastern Southern Alps and the 
properties of the sample materials are very different, these data are not considered alongside data 
from the other river catchments. 
 
5.3.1.2 River suspended load  
The river suspended particulates in the western Southern Alps have Mo concentrations, [Mo]SPM, 
that range from 0.33–0.82 µg g-1 (Figure 5.4). The average concentration is approximately 70% 
higher than that of the river bed materials: mean [Mo]SPM = 0.49 ± 0.10 µg g
-1
 (n = 9, ±2 SE) (Table 
5.3). In common with the river bed material samples, the Mo concentrations in the suspended 
sediments from the two glacial catchments trend towards slightly higher values than those in the 
less glaciated catchments. In the Fox and Waiho catchments, the mean [Mo]SPM = 0.54 ± 0.29 µg g
-
1
 (n = 3, ±2 SE), while the catchments with <45% glacial cover have mean [Mo]SPM = 0.47 ± 0.07 
µg g
-1
 (n = 6, ±2 SE); however, based on the available data, these are the same within error. The 
Mo isotope composition of the suspended materials in all catchments ranges from -0.16 to -0.38‰. 
The mean isotope composition of the suspended materials is -0.27 ± 0.08‰ (n = 9, ±2 SE). In the 
Fox and Waiho rivers, the mean isotope composition is δ98/95MoSPM = -0.25 ± 0.09‰ (n = 3, ±2 
SE), compared to δ98/95MoSPM = -0.33 ± 0.04‰ (n = 6, ±2 SE) in the less glaciated catchments. 
Therefore, the isotope compositions of the suspended sediments from both the catchments 
dominated by valley glaciers (glacial coverage >45%) and those without are indistinguishable. The 
suspended load mean δ98/95MoSPM value appears to be slightly higher than the mean δ98/95MoBM 
value, but they are also the same within ±2 SE (Figure 5.4). This suggests that the suspended load 
together with the bed materials closely reflect the catchment bedrock and provide a starting 
composition against which to reference the effects of weathering (Supplementary Figure 5.1). 
Figure 5.4 illustrates the clustering of river bed materials and suspended load sediments in Mo 
isotope–concentration space. 
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Figure 5.4 Mo concentration and Mo isotope composition of the river sediments from catchments in 
the western Southern Alps, New Zealand and Canada. A. Relationship between the d
98/95
Mo composition 
and concentration. B. Relationship between the d
98/95
Mo composition and reciprocal of concentration. The 
separation of the data from the different study locations reflects the different composition of the source rocks. 
Note the overlap in the data from river suspended particulate matter (SPM) and river bed materials. The 
composition of Hekla basalts is taken from Yang et al. (2015). Analytical errors (±2 SD) for d
98/95
Mo values 
and the long-term % errors for the concentration data are indicated.  
 
5.3.1.3 Soils 
To understand the relationship between chemical weathering and Mo release to the rivers we 
evaluate the concentration and isotope composition of Mo in a selection of weathering products 
from the Alex Knob hillslopes of the Docherty River catchment in the western Southern Alps. Soils 
are a major component of the Mo cycle and Mo fractionation has previously been observed in these 
environments (King et al., 2016; Siebert et al., 2015). In addition, we assess Mo abundance and Mo 
isotope composition as a function of soil organic matter concentration in an attempt to better 
understand the controls on Mo retention and fractionation (Figure 5.5). 
 
The abundance of Mo is relatively invariant in the soil materials (Table 5.4). Mean [Mo] in the 
surface soil litter is 0.30 ± 0.07 µg g
-1
 (n = 5, ±2 SE), where mean OC = 8.34 ± 3.15% (n = 5, ±2 
SE). In the colluvium samples, mean [Mo] = 0.28 ± 0.05 µg g
-1
 (n = 4, ±2 SE) and mean [OC] = 
1.17 ± 0.29%. The Mo abundance of the local river bed material (NZ14-90) is [Mo]BM = 0.26 µg g
-
1
. The OC in this sample is rock-derived and has a much lower concentration, relative to the soil 
materials, of 0.21 wt. % (Figure 5.5A). The surface soil litters are dominated by modern primary 
productivity, and have enriched OC values of 4.4 to 13.2 wt. % and, consequently, the lowest 
[Mo]/[OC] ratios (Figure 5.1B). In contrast, the low OC concentration of the river bedload results 
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in this sample having a much higher [Mo]/[OC] ratio. The colluvium samples have [Mo]/[OC] 
ratios that fall between the bedload and the soil litter values, perhaps representing the mixing 
between deeper weathered mineral horizons dominated by rock fragments with high [Mo]/[OC] 
and surface layers rich in recently photosynthesised organic matter with high [Mo]/[OC]. 
 
We find that surface soil litters have a mean δ98/95Mo = -0.23 ± 0.11‰ (n = 5, ±2 SE), which is the 
same within error as the local river bed material (δ98/95Mo = -0.26 ± 0.04‰, ±2 SD) (Table 5.4). 
Two litter samples are indistinguishable from the bed material, while two litter samples are 
isotopically heavier than the bed materials (by ~0.15‰) and one is lighter (by ~0.1‰) (Figure 5.5). 
Previous observations on organic rich soils document a net enrichment in heavier isotopes 
compared to the original bedrock (Siebert et al., 2015) but this is not clear from our New Zealand 
data. In contrast, the weathered colluvium sediments contain isotopically lighter Mo (mean 
δ98/95Mo = -0.52 ± 0.28‰; n = 4, ±2 SE ‰), with δ98/95Mo values extending to -0.90 ± 0.07‰ (±2 
SD) in the deepest soil horizon. Therefore, the degree of fractionation between the colluvium and 
the bedrock (characterised by the bed materials) in the western Southern Alps greatly exceeds the 
fractionation observed between the plant litter samples and the bed materials. The strong 
fractionation within the deep colluvium samples suggests that isotopically light Mo is preferentially 
retained deep within the weathering zone. 
 
 
 
Figure 5.5 Patterns in Mo distribution and composition in soils from the Docherty River catchment, 
western Southern Alps. A. Relationship between the Mo isotope composition and organic carbon 
concentration in soil materials. Surface soil litters are enriched in OC and have isotope compositions that are 
similar to the river bed material, while deeper soil horizons have lower OC and lower d
98/95
Mo values. B. 
Relationship between the Mo isotope composition of soil materials and the relative abundance of Mo to 
organic carbon. Local river bed materials are dominated by Mo while soils are richer in organic matter, 
particularly in the case of the soil litters. In both figures, the solid horizontal line indicates the d
98/95
Mo 
isotope value of the Docherty River bedload (δ98/95Mo = –0.26 ± 0.04‰, ±2 SD) and the shaded area within 
the dashed lines represents the ±2 SD error on this value. 
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5.3.1.4 River waters 
In the western Southern Alps, the dissolved Mo concentration, [Mo]diss, ranges from 1.1–16.9 nmol 
L
- 1
 with a mean value of 7.1 ± 1.2 nmol L
-1
 (n = 51, ±2 SE) (Table 5.5). This is similar to the 
global average dissolved concentration of 8.0 nmol L
-1
 (Miller et al., 2011). The [Mo]diss values in 
the two catchments that host valley glaciers, the Fox and the Waiho, are higher: mean [Mo]diss = 
13.0 ± 1.3 nmol L
-1
 (n = 9, ±2 SE). The two rainwater samples collected from the Waiho catchment 
have very low [Mo]diss of 0.07 and 0.12 nmol L
-1
, indicating that atmospheric inputs of Mo are 
negligible in this setting. These rainwater samples have slightly higher concentrations than rain 
measured in Haiwaii: 0.06 nmol L
-1
 and 0.08 nmol L
-1
 (King et al. 2016). A hydrothermal sample 
collected in the upstream area of the Karangarua catchment also contained small amounts of Mo 
compared to the river waters: [Mo]diss = 0.24 nmol L
-1
. Rivers on the eastern flank of the Southern 
Alps have mean [Mo]diss = 7.5 ± 2.3 nmol L
-1
 (n = 5, ±2 SE), so are similar in this regard to the 
western flank.  
 
The δ98/95Modiss values of the river waters in the western Southern Alps catchments range from 
0.00‰ to 0.32‰ (Figure 5.6), with a mean δ98/95Modiss = 0.12 ± 0.05‰ (n = 13, ±2 SE). There 
appears to be a small difference between catchments dominated by fluvial incision, which have a 
mean δ98Mo = 0.06 ± 0.03‰ (n = 8, ±2 SE), and the Fox and Waiho rivers that host valley glaciers, 
which have a mean δ98/95Mo = 0.19 ± 0.08‰ (n = 4, ±2 SE). A sample collected close to the Haast 
estuary has a heavier δ98Mo composition of 0.28 ± 0.03 ‰ (±2 SD). In the rivers in the eastern 
Southern Alps, Mo is isotopically lighter: δ98/95Mo values are -0.16‰ and 0.03‰ in the Hooker 
River and   -0.19‰ in the Tasman River. Figure 5.7 illustrates that there is no linear correlation 
between δ98/95Modiss and [Mo]diss and could suggest that several mixing and/or fractionation 
processes must be operating in the catchments to set the Mo isotope composition (see section 5.4). 
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Figure 5.6 Spatial patterns in δ
98/95
Mo values across the western Southern Alps in river waters, river 
suspended particulate matter (SPM) and river bed materials. The names of the studied catchments are 
provided above the map. Glacial coverage is indicated by circles marking sampling localities (Horan et al., 
2017). The dissolved load in all catchments indicates that Mo is isotopically heavy in the river waters relative 
to the river sediments. The suspended load and river bed materials show similar isotope values. Analytical 
errors are marked as ±2 SD. The solid blue line is the mean composition of the river bed materials 
(δ98/95MoBM = -0.31 ± 0.05 ‰; n = 12, ±2 SE) and the shaded blue band shows the ±2 SE error on this mean. 
The solid yellow line is the mean composition of the river water samples (δ98/95Modiss = 0.12 ± 0.05‰ (n = 
13, ±2 SE) and the shaded yellow band shows the ±2 SE error on this mean. The Docherty catchment where 
soil samples were collected is marked with an X through a grey circle.  
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Figure 5.7 Mo concentration and Mo isotope composition of river waters from catchments in the 
western Southern Alps, New Zealand, Iceland and Canada. A. Relationship between the d
98/95
Mo 
composition and concentration. B. Relationship between the d
98/95
Mo composition and the reciprocal of 
concentration. Note the lack of correlation between the Mo isotope composition and the Mo concentration. 
Analytical errors (±2 SD) for d
98/95
Mo values and the long-term % errors for the concentration data are 
indicated.  
 
5.3.2 Mackenzie River Basin 
5.3.2.1 River bed materials 
In the Mackenzie River bed materials, the [Mo]BM = 1.01 µg g
-1
 at Tsiigetchic and 1.31 µg g
-1
 at the 
delta, with δ98/95MoBM values of 0.42 ± 0.03‰ (±2 SD) and δ98/95MoBM = 0.39 ± 0.07‰ for 
Tsiigetchic and the delta, respectively. The river bed sediments from the Peel and the Ogilvie 
catchments have the highest concentrations of Mo: these are 3.44 µg g
-1
 and 7.97 µg g
-1
, 
respectively. In the Peel, δ98/95MoBM = 0.19 ± 0.02‰ (±2 SD), and in the Ogilvie δ98/95MoBM = 0.52 
± 0.06‰ (±2 SD). In the Yukon catchment, the Mo concentration in the river bed material is found 
to be similar to the Mackenzie (1.22 µg g
-1) but the δ98/95MoBM value is lower at 0.15 ± 0.07‰ (±2 
SD) (Figure 5.4). 
 
5.3.2.2 River suspended sediments 
In the Mackenzie river, the suspended load [Mo]SPM at Tsiigetchic and the delta are similar, with 
values of 2.06 µg g
-1
 and 2.30 µg g
-1, respectively. The δ98/95MoSPM composition is also very similar 
across these sites, with a value of 0.39 ± 0.01‰ (±2 SD) at the Tsiigetchic sampling locality and 
0.35 ± 0.03‰ (±2 SD) at the delta. In the Peel catchment, the suspended load has a Mo 
concentration, [Mo]SPM, of 3.06 µg g
-1
 and a δ98/95MoSPM value of 0.21 ± 0.01‰ (±2 SD). In the 
Ogilvie catchment, [Mo]SPM is the highest of the five sites studied with a value of 3.23 µg g
-1
 and 
the δ98/95Mo composition is the heaviest, at 0.49 ± 0.02‰ (±2 SD). In the Yukon River, the Mo 
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concentration of the suspended load is similar to the Mackenzie (2.47 µg g
-1
) but the water has an 
isotopically light composition of δ98/95Mo = 0.15 ± 0.04‰ (±2 SD) (Figure 5.4).  
 
5.3.2.3 River water 
In the Mackenzie River Basin, [Mo]diss values range from 0.2–119 nmol L
-1 
(n
 
= 16, Table 5.5). For 
the Mackenzie River, sampled at Tsiigetchic and the delta, [Mo]diss values are 10.1 and 11.6 nmol 
L
-1
, respectively. These values are similar to those measured on samples collected in 2004 from the 
same locality (2.8–13.2 nmol L-1; Miller et al., 2011). The Peel River has an average [Mo]diss of 
12.9 nmol L
-1
, while its tributary, the Ogilvie River, has a mean concentration of 16.4 nmol L
-1
. 
The Yukon River, sampled at Dawson, has a concentration of 16.3 nmol L
-1
. The greatest spread in 
[Mo]diss is observed in the tributaries feeding the Peel River. For example, the upper section of 
Engineer Creek has [Mo]diss = 118.9 nmol L
-1
, which is the highest concentration measured across 
the Mackenzie River Basin, while a Peel tributary to the north of the basin (sampled at 67.13862ºN, 
136.00302ºW) has the lowest measured [Mo]diss at just 0.21 nmol L
-1
; barely elevated above the 
rainwater values in the western Southern Alps (section 5.3.1.4).  
 
In terms of their Mo isotope compositions, the Canadian samples are isotopically very heavy 
(Figure 5.7). The Mackenzie River sampled at Tsiigetchic has a δ98/95Modiss = 1.13 ± 0.04‰ (±2 
SD), while downstream at the delta δ98/95Modiss = 0.96 ± 0.01‰ (±2 SD). The Peel and the Ogilvie 
drain the same sub-basin and have δ98/95Modiss =1.22 ± 0.04‰ (±2 SD) and δ
98/95
Modiss = 1.53 ± 
0.04‰ (±2 SD), respectively. The Yukon River at Dawson has a δ98/95Modiss = 0.73 ± 0.02‰ (±2 
SD).  
 
5.3.3 Iceland  
5.3.3.1 Bedrock 
The Skaftá River and its tributary to the west (63.91005ºN, 18.59857ºW) (Figure 5.3) drain 
predominantly basaltic lithology. The composition of this basalt rock is likely to be similar to the 
basaltic lavas at the Hekla volcano sampled by Yang et al. (2015), which are in close geographical 
proximity to the Skaftá River catchment. These lavas have a mean [Mo] = 1.38 µg g
-1
 and δ98/95Mo = 
-0.15‰ (Yang et al., 2015). 
 
5.3.2.2 River water 
In the Skaftá River, [Mo]diss concentrations are fairly consistent across the sample years 2013–2014 
at Skaftá sites 1–4. Here, [Mo]diss ranges from 1.2 to 1.9 nmol L
-1 
(n = 7). Lower [Mo]diss values are 
found close to the Vatnajökull glacier (0.67 nmol L
-1
) at Skaftá site 5, which was sampled in 2014. 
A tributary to the Skaftá River that is not sourced from the glacier had a mean [Mo]diss of 2.45 nmol 
L
-1
.  
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At Skaftá sites 1 and 2, we find δ98/95Modiss = 0.38 ± 0.05‰ (±2 SD) and 0.36 ± 0.05‰ (±2 SD), 
respectively, so they are indistinguishable within error. Upstream at Skaftá site 3 we quantify 
δ98/95Modiss = 0.39 ± 0.05‰ (±2 SD) and at Skaftá site 4 we find δ
98/95
Modiss = 0.47 ± 0.05‰ (±2 
SD). The δ98/95Modiss data therefore show a tendency to increase with proximity to the Vatnajökull 
glacier. At the non-glacially sourced Skaftá tributary, the δ98/95Modiss values are slightly lower at 
0.26 ± 0.05‰ (±2 SD). Previously, the Skaftá River has been documented to have a Mo 
concentration of 1.56 nmol L
-1
 and a δ98/95Mo composition of 0.24‰ (± 0.40‰, ±2 SD) (Pearce et 
al., 2010a) close to our Skaftá site 2 sampling locality. Previously published Mo isotope data for 
rivers from Iceland also indicate that glacial rivers tend to be enriched in heavy Mo isotopes 
compared to non-glacial systems (Pearce et al., 2010a).  
 
5.3.4 Leachates from suspended particulates  
The sequential extraction procedure separated two major fractions of Mo in the suspended 
particulate matter collected from the Fox (NZ14-86) and Cook (NZ14-69) river catchments (Table 
5.6). The Mo concentration of the HAc fractions was very low for both NZ14-69 (0.14 μg g-1) and 
NZ14-86 (0.07 μg g-1). In contrast, the HCl leach removed a greater proportion of Mo. This had a 
concentration of 0.93 μg g-1 for NZ14-69 and 0.34 μg g-1 for NZ14-86. The remaining residue had 
0.31 μg g-1 of Mo in NZ14-69 and 0.30 μg g-1 in NZ14-86. This inner core of the sediment grains is 
likely to be a direct reflection of the unweathered bedrock composition, explaining why it does not 
vary greatly between the catchments.  
 
In analogy to Li leaching experiments (Chan and Hein, 2007), we infer that the HAc-leachable 
fractions contain adsorbed and carbonate-bound Mo, while the HCl-soluble fraction consists of 
structurally bound Mo in Mn and Fe (oxyhydr)oxide mineral structures and potentially also some 
organic matter. Total leachable Mo contents are calculated as the sum of Mo in the HAc and HCl 
leachate fractions. In sample NZ14-69, 1% of the total sample Mo was leached by HAc and 24% 
by HCl, giving a total leachable content of 25%. In sample NZ14-86, 1% of the total sample Mo 
was leached by HAc and 20% by HCl, giving a similar total leachable content of 21%. The 
selective extractions of Mo suggest that the association of Mo with the inner organic matter and 
silicate or oxide residue of the grains dominates retention, with adsorption on Fe and Mn 
(oxyhydr)oxides playing a smaller role. The low mass of Mo removed by acetic acid suggests Mo 
present in carbonate phases is negligible.  
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Figure 5.8 Distribution of Mo and δ
98/95
Mo composition of leachates from river suspended sediments. 
A. Schematic diagram illustrating the two step leach method used to extract Mo from the suspended 
sediments. The suspended sediments are from the Cook and Fox Rivers draining the western Southern Alps: 
the Fox catchment is dominated by a valley glacier (glacial coverage = 49%) while the Cook catchment has 
only 17% glacial cover. B. Proportion of total Mo in each fraction of the leaching experiment. C. 
Molybdenum isotope composition of each fraction of the leaching experiment.  
 
The bulk δ98/95Mo composition of NZ14-69 is -0.38 ± 0.07‰ (±2 SD). This is lower than the bulk 
composition of NZ14-86 (δ98/95Mo = -0.15 ± 0.03‰, ±2 SD). The HCl leach of NZ14-86 contains 
isotopically lighter Mo (δ98/95MoHCl = -0.53 ± 0.01‰) than the bulk and residue fraction 
(δ98/95Moresidue = -0.15 ± 0.01 ±2 SD). A slightly higher fractionation is observed in NZ14-69, with 
a δ98/95Mo of -0.70 ± 0.07‰ (±2 SD) measured in the HCl leach compared to -0.26 ± 0.03‰ (±2 
SD) in the residue and -0.38‰ (±2 SD) in the bulk (Figure 5.8). The leachate data suggest that 
lightly bound Mo (from the HAc leach) is a minor component and it does not appear to have a 
systematic offset in its isotope composition. However, the HCl leach contains ~21–25% of the Mo 
and it is isotopically lighter than the bulk rock and residues. Furthermore, the leachate data indicate 
no significant difference in the fractionation factor of the leachable fraction and the bulk 
composition of suspended sediments in the Fox and Cook catchments; these are 0.37 and 0.32‰, 
respectively. The suspended sediments likely reflect a mixture of unweathered rocks and weathered 
hillslope colluvium, which contains a layer of oxides dominated by light Mo. Similarity in the 
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isotope composition of the oxide coating leached from both suspended sediments could indicate 
that secondary mineral phases may be responsible for locking up isotopically light Mo (e.g. Barling 
and Anbar, 2004; Goldberg et al., 2009), which is also found in the New Zealand mineral soils 
(Figure 5.4).   
 
5.3.5 Summary of results 
The five Canadian catchments have river bed materials with a mean δ98/95MoBM that is higher (by 
~0.7‰) than those derived from the metasedimentary rocks in New Zealand and the basaltic 
silicate rocks in Iceland (Yang et al., 2015). The δ98/95Mo values of the suspended load sediments 
are similar to the river bed materials in both the New Zealand and Canadian catchments 
(Supplementary Figure 5.1), which reflects the fact that suspended load materials can contain large 
quantities of unweathered material when erosion rates are moderate to high. These data are 
summarised in Figure 5.9. 
 
In New Zealand, Canada and Iceland, river waters have a range in dissolved river Mo 
concentrations that span three orders of magnitude (Supplementary Figure 5.2). Overall, all [Mo]diss 
data from New Zealand and Iceland fall towards the lower end of published concentration data 
from global rivers (global [Mo]diss = 0.45–59 nmol L−1: Miller et al., 2011). The river catchments in 
the Mackenzie River Basin demonstrate a wider range in Mo concentration (0.2–119 nmol L-1). 
The δ98/95Modiss values for the New Zealand rivers also fall at the low range of published global 
river measurements (δ98/95Modiss = 0.15‰ to 2.40‰; Archer and Vance, 2008; Neubert et al., 2011; 
Pearce et al., 2010a; Voegelin et al., 2012; Wang et al., 2015). In contrast, the δ98/95Modiss values of 
the Peel, Ogilvie, Mackenzie and Yukon Rivers are all higher than the global river average. The 
water samples from the Skaftá River, Iceland, have Mo isotope compositions that are heavy when 
compared to those from New Zealand, but they are isotopically light relative to the Canadian 
rivers.  
 
Together, the dissolved Mo isotope composition of all river water samples are systematically 
heavier than the local river bed materials and suspended sediments (Figure 5.9), with a mean 
fractionation factor of 0.42‰ in the less glaciated western Southern Alps, 0.45‰ in the Fox and 
Waiho catchments and ~0.78‰ for the Canadian catchments. The mean fractionation between the 
Mo isotope composition of the Skaftá River samples and the Hekla basalts (Yang et al., 2015) is 
0.67‰. These observations are broadly consistent with published data (Archer and Vance, 2008; 
Pearce 2010a), which indicate that the modern average riverine δ98/95Modiss (~0.45‰) is higher than 
the average upper continental crust, where δ98/95Mo = 0.05 to 0.15‰ (Voegelin et al., 2014).  
CHAPTER 5 │ Molybdenum Isotope Fractionation in River Catchments 
163 
 
 
 
Figure 5.9 Distribution of δ
98/95
Mo in soils, river sediments, and the dissolved load of river catchments. 
Data from New Zealand, Canada and Iceland (this study) are shown alongside data for global rivers (Archer 
and Vance, 2008) and the BHVO-1 and IAPSO standards. Orange and purple shaded areas show the spread 
in the composition of the river bed materials for New Zealand and Canada, respectively. Green shaded area 
represents the isotope composition of Icelandic basalts sampled at Hekla, based on data reported in Yang et 
al. (2015). Most analytical errors (±2 SD) are smaller than the symbol size. The long-term reproducibility of 
the BHVO-1 and IAPSO standards (0.05‰) is indicated. 
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5.4. Discussion 
The new Mo isotope data from river catchments in New Zealand, Iceland and northern Canada 
offer insight on the major controls on river d
98/95
Modiss values. We start by considering the sources 
of Mo from parent lithology and atmospheric deposition, before examining the processes that may 
fractionate Mo isotopes. The latter may include the adsorption of Mo to Fe-Mn (oxyhydr)oxide 
and/or organic matter, and the uptake/cycling of Mo by the biosphere. These processes are 
responsible for governing the ultimate d
98/95
Modiss composition of continental runoff.  
 
5.4.1 A source control on the Mo isotope composition of rivers 
5.4.1.1 Insights on the sources of dissolved Mo from ion ratios 
To interpret the potential drivers of Mo fractionation in rivers, it is important to evaluate the 
relative contribution of different mineral and organic phases that deliver Mo to the river dissolved 
load during the weathering of rocks. The main phases involved are thought to be silicates, sulfides 
and organic carbon (Miller et al., 2011; Neubert et al., 2011). To evaluate their inputs, we use the 
dissolved ion ratios [Mo]/[Na*] and [Mo]/[SO4
2-
] contained in river waters. [Na*] is the Na 
concentration corrected for atmospheric input ([Na*] = [Na] - ([Cl]*0.85)). Dissolved riverine Na* 
concentrations, [Na*]diss, retain a signal of the relative patterns of silicate weathering, while 
dissolved riverine SO4
2-
 concentrations, [SO4
2-
]diss, broadly reflect the oxidative weathering of 
sulfides, if evaporite inputs are minimal. The approach of using ion ratios to interpret Mo source is 
analogous to the approach used to interpret the source of other major (Gaillardet et al., 1999) and 
trace elements, such as Re, to the dissolved load (Dalai et al., 2002; Chapter 4).  
 
To define the [Mo]/[Na*] and [Mo]/[SO4
2-
] composition of the endmembers, we combine Mo, Na 
and S concentration data for specific lithologies and individual minerals from this study with 
published data. For the sulfide-rich endmember, we focus on the data available from sulfides 
extracted from sedimentary rocks (Norman et al., 2003; Sundby et al., 2004), which have an 
average [Mo]/[S] ratio of 0.00016 µmol mol
-1 
and an average [Mo]/[Na] ratio of 0.0152 µmol mol
-
1
. For the silicate endmember, we use dissolved load data from the tributary to the Skaftá River in 
southern Iceland that drains purely basaltic terrain: the [Mo]/[Na*] is 0.0070 mmol mol
-1
 and the 
[Mo]/[SO4
2-
] ratio is 0.095 mmol mol
-1
. In this tributary, the main supply of Mo to surface waters 
will be from the dissolution plagioclase and pyroxene from the basaltic lava, as well as volcanic 
glass (Arnorsson and Oskarsson, 2007). For comparison, the composition of the Icelandic basalt 
BIR-1, a United States Geological Survey (USGS) standard reference material, has also been 
plotted (Figure 5.10) (Jochum et al., 2005). This standard comes from the Reykjavik dolerites, 
which are a group of lava flows most likely from shield volcanos dating from the youngest 
interglacial periods (USGS, 2017). For the rock-derived organic carbon endmember composition, 
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we use published data on coals, which have >75% wt. % OC (Dai et al., 2015). The average of 
these data have [Mo]/[Na] = 607.9 mmol mol
-1
 and [Mo]/[SO4
2-
] = 1.80 mmol mol
-1
. Although the 
endmember compositions chosen here may not fully represent those in each catchment, the 
dissolved Mo in the rivers of this study can be well described by the ternary mixture between rock-
derived organic carbon, silicates and sulfides (Figure 5.10).  
 
Within the mixing space we find that data from the Skaftá River, Iceland, fall between the sulfide 
and silicate endmembers, which is consistent with a rhyoltic-basaltic basement being drained in 
this catchment (Figure 5.3), and highlights the role of sulfide oxidation. However, the contribution 
of sulfide minerals to the [Mo]diss appears to be ~1%. In contrast, this mixing model would suggest 
that the samples from the Mackenzie River Basin all fall closer to the mixing line between the 
petrogenic organic carbon (OCpetro) and sulfide endmembers, with the dissolution of sulfides 
playing a greater role in the Peel catchment and its tributaries (e.g. the Ogilvie, Rock, Engineer and 
Blackstone rivers). Dissolved load data from a tributary in the Peel catchment that drains rocks 
with high sulfide content (Beaulieu et al., 2011) has a [Mo]/[SO4
2-
] ratio that is similar to that of 
the literature data (0.000094 mmol mol
-1
), but it has a higher [Mo]/[Na*] ratio of 0.00039 mmol 
mol
-1
 and therefore falls outside of the mixing space. The contribution of silicate minerals to the 
[Mo]diss budget appears to play a smaller role in the Canadian catchments than in Iceland. Data 
from the Southern Alps suggest that all three mineral phases deliver Mo to the dissolved load but 
the input from OCpetro dominates (>90%). This is consistent with the lower sulfide content of the 
rocks here, compared to the Canadian rivers (Koons and Craw, 1991; Beaulieu et al., 2011).  
 
Overall, with the endmembers defined as shown here (Figure 5.10), the Mo in the dissolved load of 
the New Zealand rivers and the main river channels in the Mackenzie River Basin appears to be 
predominantly (>90%) derived from OCpetro. In reality, this end member may have lower 
[Mo]/[SO4
2-
] and [Mo]/[Na*] ratios than the coal samples used in the mixing model, which are 
likely to capture freshwater/lacustrine settings with lower [SO4] and [Na] and higher [Mo] in the 
water during deposition (Dai et al., 2015). Marine organic matter in sedimentary rocks may have 
lower [Mo] (Dai et al., 2015; Neubert , 2008), and much higher [Na] and [SO4
2-
], with resultant 
lower [Mo]/[SO4
2-
] and [Mo]/[Na*] ratios. The mixing model therefore probably quantifies an 
upper bound on the OCpetro Mo contribution and a lower bound on the sulfide Mo contribution to 
the dissolved load. Future work should seek to constrain the compositions of these endmembers in 
more detail. 
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Figure 5.10 Relationship between dissolved [Mo]/[SO4
2-
] and [Mo]/[Na*] across a range of river 
catchments in New Zealand, Canada and Iceland. The chemical composition of the river water reflects a 
weathering contribution from several mineral phases. The relative location of silicates, sulfides and 
petrogenic organic carbon are inferred from ion ratio studies on these phases. Data for the petrogenic organic 
carbon endmember are from a suite of coal samples measured by Dai et al. (2015). A compilation of data 
from sedimentary rocks (Sundby et al., 2004) are used for the sulfide endmember, assuming a mean [Na] of 
sulphides = 88 µmol g
-1
 (Norman et al., 2002) and a mean [S] = 16670 µmol/g. This mixing model implies 
that Mo is sourced mainly from silicates in Iceland and petrogenic organic carbon in the Southern Alps and 
Canada. The percentage contribution of OCpetro is indicated with black dotted lines: 99% and 90%. The 
[Na]diss concentrations were corrected for atmospheric contribution using [Cl
-
], giving [Na*]diss (e.g. 
Gaillardet et al., 1999, Millot et al., 2003) for Canada and Iceland samples. New Zealand data reflect Na 
rather than Na* because the cyclic correction causes some of the Na concentrations to become negative, 
indicating this correction would overestimate any seawater input.  
 
 
5.4.1.2 The effect of lithology and primary mineral dissolution on d98/95Modiss 
The broad-scale patterns in the Mo isotope composition of the rivers studied here can be attributed 
to differences in the composition of the bedrocks undergoing weathering and erosion. In the 
Southern Alps of New Zealand, the river bed materials have the lowest d
98/95
MoBM values (mean 
d
98/95
MoBM = -0.31 ± 0.05‰). The river bed materials collected from the Mackenzie River Basin 
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and Yukon River have the highest d
98/95
MoBM values, ranging from 0.15‰ to 0.53‰. These 
differences are consistent with the relatively OC-poor greywacke sandstone of the Southern Alps 
(Roser and Cooper, 1990), which may represent oxic depositional conditions favouring the 
sequestration of Mo that is depleted in heavier isotopes (i.e. 
98
Mo). In contrast, some of the black 
shales of the Mackenzie River Basin reflect deposition under euxinic conditions (Johnston et al., 
2012), when mineral phases retain a Mo isotope composition more similar to seawater (Kendall et 
al., 2017). In Iceland, as first order indication of the composition of the bedrock lithology in the 
Skaftá River catchments, we consider basalts sampled within close geographical proximity, which 
have a mean d
98/95
Mo = -0.15‰ (Yang et al., 2015). These have a composition that falls within the 
range expected for the upper continental crust (e.g. Liang et al., 2017; Willbold and Elliott, 2017). 
The differences between localities in terms of the d
98/95
Mo values of the source materials are 
reflected in the dissolved Mo isotope composition in the rivers. The river waters with the lightest 
Mo isotope values are found in New Zealand (0.00‰ to 0.32‰), followed by Iceland (0.26‰ to 
0.47‰) and the Mackenzie and Yukon rivers (0.73 to 1.53‰) (Figure 5.9). 
 
However, despite a broad lithological control on d
98/95
Modiss being evident, every setting shows 
fractionation between the river waters and the source material: rivers are always enriched in heavy 
Mo isotopes (Figure 5.9). The shift to more positive values in the river waters could reflect the 
incongruent dissolution of a mineral phase in the rocks that has heavier d
98/95
Mo values. This is 
likely to be a reduced phase, such as sulfide and/or organic matter, which undergoes less 
fractionation at the time of formation (Kendell et al., 2017) and thus records a d
98/95
Mo value that is 
closer to seawater (e.g. IAPSO seawater standard d
98/95Mo = 2.07 ± 0.06‰). Sulfide minerals and 
rock organic matter weather faster than silicate phases, and previous work has shown that this is 
especially true in glacial settings (Torres et al., 2017; Tranter et al., 2002). However, this 
mechanism does not seem a plausible explanation for the patterns in the data due to three reasons. 
Firstly, we observe Mo isotope fractionation between the river dissolved loads and the river bed 
materials that is similar across all catchments (range is 0.4–0.8%), despite the large variability in 
the minerals sourcing Mo to the dissolved load (Figure 5.10). For the New Zealand and Canadian 
rivers, the majority of the dissolved Mo is derived from OCpetro whereas in the Skaftá River 
catchment, Iceland, OCpetro does not contribute to the dissolved Mo concentrations. Therefore in the 
Skaftá catchment, the dissolution of sulfide minerals in the basaltic bedrock would need to drive all 
of the fractionation observed; this seems unlikely given the low proportion of sulfide derived Mo in 
the rivers (Figure 5.10). Secondly, when we consider the concentrations of Mo in the dissolved 
load and river bed materials relative to rhenium (Re) concentrations in these materials, we observe 
evidence for Mo being lost from the dissolved load, with the greatest loss occurring in the rivers 
with the highest δ98Mo. As discussed further in section 5.4.2.1, Re is thought to be sourced from 
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similar mineral phases to Mo (Miller et al., 2011); therefore we expect both Mo and Re to follow 
similar trends in the dissolved load during weathering. However, the variable relationship between 
Mo and Re across the catchments suggests that a further mechanism is required to explain the data. 
Thirdly, we find evidence in deep soils (Figure 5.5) and on the coatings of suspended load particles 
(Figure 5.8) for a Mo component that has a much lower d
98/95
Mo values than the river bed materials 
or dissolved load (Figure 5.9). Therefore, we surmise that in the studied catchments where there is 
evidence for loss of Mo in the dissolved load, incongruent dissolution of minerals cannot be a 
dominant control on the fractionation of the Mo isotopes between river waters and river sediments. 
 
5.4.1.3 A role for atmospheric Mo inputs 
As soils develop over time, atmospheric inputs can have an increasing influence on soil chemical 
budgets (Kennedy et al., 1998; Porder et al., 2007). Previous work on soil profiles developed on 
basaltic bedrock in Hawaii has suggested that atmospheric inputs of Mo from volcanic aerosols 
and/or ash and precipitation (and potentially anthropogenic sources) can play a role in setting the 
Mo mass budget and isotope signature of soil, especially in older and wetter soils (King et al., 
2016; Siebert et al. 2015). However, aside from volcanic inputs, it is not clear how atmospheric 
inputs of Mo may influence the Mo isotope mass balance of river catchments. In the western 
Southern Alps, the mean annual precipitation is high, at ~4–6 m yr-1 along the range front 
(Henderson and Thompson, 1999), but the measured [Mo]diss was only 68.8 pmol L
-1
 and 117.8 
pmol L
-1
; this equates to a precipitation input of ~3–6 × 10-5 g yr-1 of Mo. In contrast, physical and 
chemical denudation in this setting supply ~10 mm yr
-1
 of rock mass to the surface (Hicks et al., 
2011; Jacobson et al., 2003) with a [Mo] = 0.29 µg g
-1
, which equates to ~700 × 10
-5
 g yr
-1
 of Mo. 
From this simplified mass balance, it appears as though Mo inputs from the atmosphere are 
minimal in this setting, and therefore their role for setting the δ98/85Mo values of soils and river 
waters is also negligible. In Iceland, an input of volcanic ash may affect the Mo content of the soils 
(e.g. King et al., 2016). However, ash may not necessarily alter δ98/95Mo values relative to 
underlying parent material if it has a similar chemical composition (Moune et al., 2012; Siebert et 
al., 2015).  
 
5.4.2 A process control on the Mo isotope composition of rivers 
5.4.2.1 Quantifying bulk Mo cycling and Mo isotope fractionation   
To better evaluate the role of weathering processes for setting the isotope composition of Mo in the 
weathering zone, we first consider Mo abundance in relation to the behaviour of Re, another 
mobile trace element sourced primarily from organic mineral phases. Rhenium is established as 
one of the most mobile and soluble elements during chemical weathering (Colodner et al., 1993; 
Hilton et al., 2014). However, in contrast to Mo, it is not thought to be incorporated into secondary 
weathering products (Colodner et al., 1993; Miller et al., 2011). Colluvium samples from the 
CHAPTER 5 │ Molybdenum Isotope Fractionation in River Catchments 
169 
 
western Southern Alps support this inference. The [Mo]COL = 0.26 ± 0.05 µg g
-1
 (n = 4, ±2 SE), 
which is similar to the average of river bed materials, [Mo]BM = 0.29 ± 0.08 µg g
-1
 (n = 12, ±2 SE), 
suggesting some Mo is retained during weathering. In contrast, the mean [Re]COL = 29 ± 6 pg g
-1
 (n 
= 4, ±2 SE), which is much lower than that measured in the bed materials ([Re]BM = 118 ± 21 pg g
-
1
, n = 31, ±2 SE: Chapter 3, Horan et al., 2017), suggesting more efficient loss of Re, relative to 
Mo, from the weathering zone.  
 
Molybdenum concentrations in the river waters do not show a linear relationship with dissolved Re 
concentrations across all of the catchments (Figure 5.11). This indicates that congruent weathering 
together with simple dilution-evaporation cannot explain the patterns in the data as these processes 
would result in co-variation of element concentrations (White and Blum, 1995). It appears that the 
main separation from a linear trend occurs in samples from the Fox and Waiho catchments, where 
there are higher concentrations of Re and Mo. The Mo concentrations therefore appear to be 
influenced by a process that extracts Mo from the dissolved load and this is effect most apparent in 
more heavily glaciated areas.  
 
We can consider this offset in the context of the fraction of Mo left in solution. The fraction of Mo 
left in solution after secondary mineral formation (fModiss) can be estimated by Equation 5.2, in 
analogy to the approach used to examine the uptake of lithium during secondary mineral formation 
(Dellinger et al., 2015; Millot et al., 2010). 
 
Equation 5.2   Mo !"" #=
([$%]/[&])'*++
([$%]/[&]),-.0
 
 
In Equation 5.2, [X] is the concentration of a mobile soluble element that is retained in solution. 
([Mo]/[X])diss is the ratio of those elements in the dissolved products of weathering (i.e. carried in 
the river dissolved load), and ([Mo]/[X])rock is the ratio of the elements in unweathered bedrocks. 
Here, we take [X] to be Re, given the high solubility of the Re anion upon oxidation and its 
documented mobility in river systems (Colodner et al., 1993; Hilton et al., 2014), together with the 
similarity in the mineral phases thought to source both Re and Mo to the dissolved load (e.g. Miller 
et al., 2011). Although it is possible that Re may be assimilated by algae in river environments, as 
has been documented in marine settings (Racionero-Gómez et al., 2016), the extent of this process 
in the terrestrial environment is unknown. Furthermore, the uptake and sequestration of Mo 
by similar (macro) algae has been documented (e.g. Kowalski et al., 2013) and we might expect the 
magnitude of this process, if it also occurs in river waters, to be greater for Mo relative to Re, given 
the ~100 fold higher concentrations of Mo in rivers (Miller et al., 2011) and the low reduction 
potential of Mo oxidation states, which make this element well-suited to be a co-factor in enzymes 
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that catalyse redox reactions (Kendall et al., 2017). Consequently, any potential removal of Re 
from the river waters through this process is likely to be negligible relative to Mo. 
 
Figure 5.11 Relationship between Mo and Re abundance in the river waters of the western Southern 
Alps. There is a decoupling of the relationship between [Mo]diss and [Re]diss that is particularly apparent in 
the two catchments hosting valley glaciers (the Fox and Waiho) indicated by the blue circles; the rate of 
increase in Mo concentration is lower than that observed for Re, implying that Mo may be removed from the 
dissolved load in some catchments. Errors are 3% deviations for [Mo] concentrations and 5% deviations for 
[Re], based on typical reproducibility of duplicate sample analyses. Error ellipses were calculated using 
Isoplot with a Model 2 fit (Ludwig, 2008).  
 
To constrain ([Mo]/[Re])rock in the western Southern Alps, we use the average composition of river 
bed materials ([Mo]BM/[Re]BM = 2.4 ± 0.47 (µg g
-1
) (ng g
-1
)
-1
; ±2 SE, n = 12) because lithological 
variability is relatively small along strike of the Alpine Fault (Hilton et al., 2008; Mortimer 2004) 
and these bed materials should integrate the composition of sediments eroded from large areas of 
the catchments. In the larger rivers of the Mackenzie River Basin, we use the individual catchment 
river bed materials because lithology is more variable across the different catchments here 
(Beaulieu et al., 2011). A fModiss value of 1 suggests that Mo is not re-incorporated in secondary 
minerals after its initial dissolution (congruent dissolution). A fModiss value of 0 indicates that all of 
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the Mo initially dissolved has been re-incorporated into secondary weathering products. At steady 
state, a fModiss value greater than 1 should not be possible. If fModiss is >1, it suggests that either Re 
and Mo may not be released congruently, Re may not be completely mobile, and/or the system is 
not at steady state over the time period of sampling. The latter is a possibility for Mo, as it is used 
by plants in nitrogenase enzymes and it may be cycled through biomass and soil to varying extents 
over seasonal time periods.  
 
To investigate the behaviour of Mo in the river waters in more detail, we examine fModiss alongside 
the δ98/95Modiss (dissolved load) relative to δ98/95MoBM (bed materials) to quantify the bulk isotope 
fractionation. The dissolved load of all rivers is fractionated toward high δ98/95Mo values compared 
to the source rock (δ98/95MoBM) (Figure 5.9). Despite the diversity in our studied catchments, when 
examined together the results are quite striking: the bulk fractionation of Mo, Δ98/95Modiss-BM (i.e. 
the difference between δ98/95Modiss and δ98/95MoBM), in the catchments from New Zealand, Canada 
and Iceland, all show a dependency on the fraction of Mo left in solution, fModiss (Figure 5.12). As 
the fraction of Mo left in solution decreases, there is an increase in Δ98/95Modiss-BM, which implies a 
relative loss of light Mo isotopes is driving the river waters to isotopically heavier values. When 
the data from the western Southern Alps are considered, we also find that the data from the glacial 
catchments trend toward higher Δ98/95Modiss-BM and lower fModiss values relative to data from 
catchments with lower glacial cover. In the Fox glacial catchment in the western Southern Alps, we 
also observe changes in the Mo concentration and Mo isotope composition of the river water as it 
flows from the head of the glacier to a sampling point located approximately 2 km downstream. 
The [Mo]diss decreases from 15.8 to 12.0 nmol L
-1, while δ98/95Mo increases from 0.17 ± 0.11‰ (±2 
SD) to 0.32 ± 0.03‰  (±2 SD). This could suggest that light Mo is extracted from the dissolved 
load during riverine transit, or in waters flowing through moraines and hillslopes that contribute to 
the flow downstream. In contrast, in the glacial Skaftá River catchment, Iceland, the highest Mo 
concentrations and heaviest Mo isotope compositions are found closest to the Vatnajökull glacier 
(section 5.3.2.2). This difference may reflect the longer flow path of the Skaftá River: close to the 
glacier greater Mo fractionation may be apparent due to the high fine particulate load on to which 
Mo may adsorb (section 5.4.2.3), whereas at the far downstream Skaftá sampling sites (Figure 5.3) 
the sediment load is reduced and the extent of fractionation appears to be more limited. 
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Figure 5.12 The behaviour of Mo in solution. The degree of isotope fractionation of Mo in the dissolved 
load relative to the river bedload (Δ98/95Modiss-BM = δ
98/95
Modiss – δ
98/95
MoBM) as a function of the fraction of 
Mo remaining in solution (fModiss = ([Mo]/[Re]diss/[Mo]/[Re]BM)). Vertical error bars are ±0.07‰, which is the 
propagated long-term reproducibility of the IAPSO and BHVO-1 standards on the dissolved and bedload 
data. Horizontal bars are ±10%, which is the propagated uncertainty on the concentration measurements of 
Re and Mo for the dissolved load and bed materials. The [Mo]diss data are those quantified by ID MC-ICP-
MS. The [Mo]/[Re]BM and δ
98/95
MoBM data for the western Southern Alps are averaged data from all river bed 
materials. The lines indicate experimental model results for the fractionation associated with uptake of light 
Mo on to Fe-Mn (oxyhyr)oxides: pale pink lines are based on the model of Barling and Anbar (2004), where 
Δ98/95Mosec-diss ranges from -0.87 to -1.54‰; brown lines are based on the model of Goldberg et al. (2009), 
where Δ98/95Mosec-diss ranges from -0.8‰ to -1.4‰ for adsorption on to magnetite through to goethite.  
 
5.4.2.2 The role of Mo cycling in the biosphere 
Molybdenum plays an important role in the functioning of ecosystems and the combined effect of 
redox reactions operating in soils and the action of biological processes has the potential to drive 
CHAPTER 5 │ Molybdenum Isotope Fractionation in River Catchments 
173 
 
changes in the oxidation state and/or speciation of Mo, inducing isotope fractionation (Barling and 
Anbar, 2004; King et al., 2016; Siebert et al., 2015). Molybdenum can bind to soil organic matter 
through ligand exchange and specific adsorption (Wichard et al., 2009). This means organic matter 
can regulate long-term Mo retention and loss from soils via dissolution and leaching pathways 
(Marks et al., 2015). The retention of Mo by the modern biosphere could drive the fractionation 
patterns observed here (Dahl et al., 2013; McManus et al., 2006; Siebert et al., 2015; Wichard et 
al., 2009). In addition, Mo is important in the biogeochemical cycle of nitrogen in plants and it is 
actively taken up by the biosphere for incorporation into the enzymes nitrogenase and nitrate 
reductase (Bellenger et al., 2008; Boyd et al., 2011; Glass et al., 2009). Mo isotope fractionation 
can occur during the reactions associated with these enzymes; for example, assimilation of Mo by 
the nitrogen-fixing soil bacterium, A. Vinelandii. The kinetic fractionation involved results in 
organic matter having a low d
98/95
Mo value and the residue becoming enriched in the heavy 
isotopes (Barron et al., 2009; Jean et al., 2013; Liermann et al., 2005; Silvester, 1989; Wasylenki et 
al., 2007; Wurzburger et al., 2012; Zerkle et al., 2011).  
 
The soil materials from the Docherty catchment in the western Southern Alps indicate that Mo 
concentrations are similar or enhanced relative to the local river bed materials across a range of 
organic carbon (OC) concentrations. This implies that Mo is being retained across soil horizons, 
not just in the upper organic-rich soil litter (Figure 5.5). The deeper soils materials are low in OC 
but have similar [Mo], which results in there being no correlation between soil OC concentration 
and Mo abundance (Supplementary Figure 5.3). In the surface soil litters, we do not observe a clear 
trend toward heavy isotope compositions predicted by experimental fractionation factors 
(Liermann et al., 2005; Wasylenki et al., 2007); only two of the soil litters have resolvably heavier 
d
98/95
Mo values relative to the river bed materials (Figure 5.4). Nevertheless, the soil sample set is 
small and the cycling of Mo in organic matter cannot be ruled out as a control on the d
98/95
Modiss of 
the New Zealand rivers (and other catchments). However, to fully explain the dataset, we must turn 
to other processes that fractionate Mo isotopes.  
 
5.4.2.3 The role of secondary mineral formation: Fe and Mn (oxyhydr)oxides 
Adsorption of Mo to Fe and Mn (oxyhydr)oxides is associated with the preferential uptake of 
lighter Mo isotopes from solution (Bibak and Borggard, 1994; Goldberg et al., 1996; Lang and 
Kaupenjohann, 2003; Xu et al., 2013). In fact, the largest modern sink for Mo (45–70%) is thought 
to occur via adsorption of molybdate to ferromanganese (oxyhydr)oxides under oxic conditions in 
marine sediments (Barling et al., 2001; Barling and Anbar, 2004; McManus et al., 2006; Siebert et 
al., 2003). Detailed experimental work on Mo adsorption to Mn and Fe (oxyhydr)oxides points to 
the preferential scavenging of light isotopes by these mineral phases (Barling and Anbar, 2004; 
Goldberg et al., 2012; Malinovsky et al., 2007; Siebert et al., 2003; Wasylenki et al., 2008).  
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The degree of Mo adsorption onto Mn and Fe (oxyhydr)oxides is thought to be strongly pH-
dependent (Kim and Zeitlin, 1968), and is limited at pH values >6.5. Between pH values 3–5, Mo 
may be strongly adsorbed to Fe, Mn, and aluminium (Al) oxides (Goldberg et al., 2002; Goldberg 
and Forster, 1998; Karimian and Cox, 1979; Xu et al., 2006), but at higher pH values, Mo 
solubility increases and there is decreased adsorption. The latter is associated with increased Mo 
loss as the soluble molybdate (MoO4
2-
). The river waters in New Zealand, Canada and Iceland had 
pH values mostly between 7 and 8.5 at the time of sampling (Table 5.5), indicating that Mo 
adsorption to (oxyhydr)oxides should be limited in the waters. However, water within soils is 
expected to have a greater concentration of CO2 species from soil respiration and therefore lower 
pH values than water exposed to the atmosphere. Thus, the greatest adsorption of Mo should take 
place in these lower pH waters. Fractionations between the solid and dissolved phase also vary 
with mineralogy, increasing in the order magnetite (Δ98/95Modiss-adsorbed = 0.83 ± 0.60‰) < 
ferrihydrite (Δ98/95Modiss-adsorbed = 1.11 ± 0.15‰) < goethite (Δ98/95Modiss-adsorbed = 1.40 ± 0.48‰) < 
hematite (Δ98/95Modiss-adsorbed = 2.19 ± 0.54‰) (Goldberg et al., 2009). The adsorption of light Mo to 
Mn and Fe (oxyhydr)oxides in the soils of the river catchments would result in the soil porewaters 
becoming enriched in the heavier isotopes of Mo (i.e. 
98
Mo), which will subsequently be 
transferred to the river waters.  
 
The soil samples from New Zealand support an important role for Fe and Mn (oxyhydr)oxides. The 
deep, OC-poor soils have low δ98/95Mo values (Figure 5.5), which are consistent with the 
fractionation observed in experimental studies (Barling and Anbar, 2004; Goldberg et al., 2009). 
The deeper soil horizons have the greatest potential to scavenge Mo due to their longer residence 
time and greater build-up of weathering residues and we find they have the greatest fractionation 
relative to the local bedrock. The sequential extractions of Mo from river suspended loads also 
support an important role for Fe and Mn (oxyhydr)oxides. The leachate data indicate similar 
proportions of Mo are contained within oxides and (oxyhydr)oxides on the suspended sediment 
collected in the Fox (20%) and Cook (24%) rivers. The isotopically lighter composition of this 
oxide-bearing HCl leachate (Figure 5.8) is also consistent with the lower δ98/95Mo values of 
weathered colluvium being explained by the presence of Fe and Mn (oxyhydr)oxide coatings 
(Barling and Anbar 2004).  
 
5.4.2.4 Insight from a mass balance model 
To examine whether the experimentally derived fractionation factors for Mo uptake by Fe and Mn 
(oxyhydr)oxides (Barling and Anbar, 2004; Goldberg et al., 2009) are consistent with the river data 
we explore a mass balance model (Bouchez et al., 2013; Dellinger et al., 2015; Georg et al., 2007; 
Johnson et al., 2004). Here, the weathering zone is considered to be an open flow-through system 
over which Mo is released in dissolved form during the dissolution of primary minerals and 
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removed from solution by incorporation into secondary minerals; as quantified by fModiss (Equation 
5.2). At steady state, all of the dissolution and precipitation input and output fluxes are balanced, 
fModiss <1 and the Mo isotope composition of the dissolved phase may be modelled following the 
method of Bouchez et al. (2013):  
 
Equation 5.3 δ98/95Modiss = δ98/95Morock – Δ98/95Mosec-diss × (1 – fModiss)  
 
where δ98/95Morock is the Mo isotope composition of the rock undergoing weathering and 
Δ98/95Mosec-diss is the isotope fractionation factor between secondary products and the dissolved 
load: 
 
Equation 5.4   Δ98/95Mosec-diss = δ98Mosec – δ98Modiss = 1000 ln (αsec–diss) = 1000 ln (0.9982 ± 0.005)   
 
where δ98/95Mosec corresponds to the Mo isotope composition of the solid weathering products and 
αsec-diss is the fractionation factor (Barling and Anbar, 2004). Equation 5.3 can be re-written in terms 
of the difference in the isotope composition between the rocks and the dissolved phase:  
 
Equation 5.5   δ98/95Modiss – δ98/95Morock = –Δ98/95Mosec-diss × (1 – fModiss) 
 
which in this case is assumed to be closely equivalent to (δ98/95Modiss – δ98/95MoBM).  
 
To explore the range of predicted values as a function of fModiss, values of Δ98/95Mosec-diss are taken 
from the experimental data of Goldberg et al. (2009) and Barling and Anbar (2004). These range 
from –0.8‰ to –1.4‰ for adsorption on to magnetite through to goethite (Goldberg et al. 2009). 
The modelled batch fractionation factors can explain the majority of the variability in the fModiss 
and Δ98/95Modiss-BM values of the rivers in our study locations, where the slope of the correlation from 
the river catchments with fModiss <1 is –0.63 (n = 19, r2 = 0.7); this regression excludes the two 
Canadian samples that sit away from the bulk of the data (Figure 5.12).   
 
Variability in the δ98/95Modiss across all catchments would therefore appear to be arising from a 
process with similar αsec-diss and similar associated mass exchange between reservoirs, with the 
different catchments merely being characterised by different extents of this reaction. The more 
heavily glaciated river catchments in the western Southern Alps have higher Δ98/95Modiss-BM values. 
This is also true of samples collected closer to the source of the Skaftá glacial river, Iceland. 
Increased adsorption of Mo to Fe and Mn (oxyhydr)oxides) in environments where fine sediment 
particles are more abundant has been invoked in other locations as a potential ‘glacial’ control on 
δ98/95Modiss values (Pearce et al., 2010a). A larger difference between δ98Modiss and δ98MoBM 
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(Δ98/95Modiss-BM = 0.59‰) is also found in the Haast catchment from the western Southern Alps, 
relative to similar catchments from this setting that have glaciers limited to headwaters (mean 
Δ98/95Mo = 0.37 ± 0.03‰, n = 8, ±2 SE). Data from this catchment also sit towards lower values of 
fModiss. The offset may be explained by the proximity of this Haast River sampling site to the Haast 
estuary, where the interaction of Mo with flocculating fine sediments could drive the δ98Modiss to 
heavier values. Desorption of isotopically light Mo from particulates may occur in some estuaries 
(Pearce et al., 2010a) whereas in others, as appears the case here, isotopically light Mo may be 
retained in estuarine sediments, causing the release of isotopically heavy Mo to the oceans 
(Rahaman et al., 2014). Interestingly, in the Mackenzie River Basin, the weathering intensity of 
silicate minerals is minor (Dellinger et al., 2014), yet here we see evidence for a process-driven Mo 
isotope fractionation of >0.7‰. The current weathering regime in this basin appears to promote Fe-
Mn (oxyhydr)oxide formation.   
 
There are outliers in Δ98/95Modiss-BM versus fModiss space that cannot be explained by the simple 
model. First, the Peel and Ogilvie rivers have larger Δ98/95Modiss-BM values than predicted by the 
mass balance model (Figure 5.7). This could be a consequence of uncertainty regarding the 
composition of un-weathered materials and/or the behaviour of Mo and Re during weathering, or it 
may reflect the action of microbes. Enhanced sulfide weathering in these catchments (Figure 5.10) 
may be associated with microbial activity preferentially extracting light Mo isotopes for metabolic 
processes; a mechanism that could induce additional fractionation. Second, two river water samples 
from the Callery catchment, in the western Southern Alps, have values of fModiss that exceed 1. 
This apparent gain of Mo relative to Re could reflect non-steady state release of Mo from the 
biosphere, although the impact on the isotope ratio is less clear based on the soil litter δ98/95Mo 
values (Figure 5.4). Alternatively, it is possible that the average [Mo]/[Re]BM ratio used in the 
calculation of fModiss for the Callery River does not well represent the rocks being weathered in this 
catchment. If the catchment specific bedloads are used, we find that fModiss becomes 0.73 and 0.79 
for the two samples from the Callery River catchment. However, using individual bedloads for all 
of the catchments in the western Southern Alps would also cause two data points to have fModiss 
values >1, suggesting that in other cases the catchment geology composition would not be fully 
captured by a single river bed material sample. 
 
5.4.3 Global implications  
The measurements from New Zealand, Iceland, and the Mackenzie and Yukon rivers provide new 
insight into the controls on the Mo isotope composition of continental runoff. This has implications 
for our understanding of the global controls on river δ98/95Mo more generally and the resulting 
composition of seawater. Our data indicate an initial source control on the Mo isotope composition. 
Weathering reactions can supply dissolved Mo to rivers varying by ~1.5‰ due to different δ98/95Mo 
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values of rocks (and minerals) undergoing weathering (Figure 5.9). However, we show that the 
subsequent partitioning of Mo between the dissolved load and solid weathering products (fModiss, 
Equation 5.2) plays a major role in governing the final Mo isotope composition of the dissolved 
load (Figure 5.12). In analogy to the behaviour of Li in river waters (Dellinger et al., 2015; Pogge 
von Strandmann et al., 2012; Tipper et al., 2012; Wimpenny et al., 2010), light isotopes of Mo 
appear to be preferentially removed from solution into secondary weathering products, leaving 
river waters with heavier δ98/95Mo values. In the preceding sections, our discussion highlighted the 
importance of Mo fractionation via the incorporation of light isotopes of Mo into Fe-Mn 
hydroxides in the weathering zone. This mechanism is able to explain the fractionation patterns 
across a variety of catchments worldwide that contrast with each other in terms of lithology, 
biological cover and erosion processes; thereby highlighting the potential importance of this 
removal pathway for the global Mo cycle. 
 
Variability in the type and intensity of chemical weathering through geological time may influence 
the bulk average value of δ98/95Mo in river runoff. Large variations in weathering intensity are 
thought to have occurred at various times in Earth history; for example, in association with changes 
in climate or terrestrial vegetation (Algeo and Scheckler, 1998; Kump et al., 2000; Ravizza et al., 
2001; Raymo and Ruddiman, 1992; Walker et al., 1981). Glacial-interglacial cycles may shift the 
relative dominance of chemical and physical weathering, and associated changes in precipitation 
and biological productivity may affect the degree of soil weathering and soil organic matter content 
(Siebert et al., 2015). Glaciation can enhance oxidative weathering reactions (Chapter 3, Horan et 
al., 2017; Torres et al., 2017) and in periods of increased glaciation, the increased rate of Mo 
mobilisation from hillslopes, together with higher sediment yields, may increase the opportunity 
for fractionation.  
 
Ultimately, changes in the flux of Mo to the oceans, and/or in the isotope composition of riverine 
Mo as a result of changing weathering sources and shifts in Mo retention in soils, could influence 
the long-term ocean Mo isotope budget on timescales greater than the residence time of Mo in 
seawater (~440 ka: Miller et al., 2011). An analogy for the behaviour of Mo can be made with Li 
isotopes. Seawater Li isotopes recorded in carbonate minerals show an increase in d
7
Li over the 
Cenozoic (Misra and Froelich, 2012). The reasons for this shift are debated (e.g. Dellinger et al., 
2015; Li and West, 2014), but the role of riverine Li inputs and the isotope composition of 
continental runoff is often invoked as a major player (Misra and Froelich, 2012). Rivers dominate 
the Mo input to the oceans (Chapter 1: Figure 1.11), suggesting that the Mo isotope budget may be 
sensitive to similar processes. For example, if changes in physical denudation rate and/or 
mechanism, such as glacial processes, result in opportunities to enhance Fe-Mn (oxyhydr)oxide 
formation during weathering, this will shift δ98/95Mo values further away from lithologically driven 
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starting values. On a regional scale, these changes may significantly alter the river input to the 
ocean, and will be particularly influential in restricted basins (Siebert et al., 2015). Shifts of as little 
as ~0.3‰ in continental runoff could have a profound impact on how δ98/95Mo values of 
sedimentary rocks are used to reconstruct palaeoredox conditions. For example, the same 
proportion of Mo removed in euxinic settings may not produce sediments with the same values of 
δ98/95Mo at different periods in Earth’s history if the δ98/95Mo composition of the continental input 
changes. Therefore, revised estimations of the percentage of the ocean that is euxinic (e.g. Owens 
et al., 2013; Reinhard et al., 2013) may be required.   
 
5.5 Conclusion 
The Mo isotope composition of continental runoff (δ98/95Modiss) places a major control on the 
δ98/95Mo composition of seawater, and therefore it is relevant for the use of Mo isotopes to examine 
palaeoredox conditions. The δ98/95Modiss values may also record information on the style and 
intensity of weathering, the formation of secondary minerals, and the biogeochemical cycle of 
nitrogen. To improve our understanding of the δ98/95Modiss values of rivers, we measured Mo 
isotopes in river catchments of the Southern Alps of New Zealand, the Mackenzie and Yukon in 
Canada, and the Skaftá River catchment in Iceland, to reveal a source (e.g. bedrock lithology and 
mineral phase) versus a process (secondary mineral formation) control on δ98/95Modiss. 
Molybdenum may be sourced from silicate, sulfide and organic carbon mineral phases and we 
estimated the relative contribution of each using the ion ratios [Mo]/[SO4
2-
] and [Mo]/[Na*]. In the 
Southern Alps and Canada, dissolved Mo appears to be predominantly sourced from OCpetro, with a 
slightly higher role for sulfide oxidation in several of the smaller Canadian catchments. In contrast, 
in Iceland Mo appears to be mainly derived from silicate minerals. The Mo isotope composition of 
river waters varies between New Zealand (0.00 to 0.32‰), Iceland (0.26 to 0.47‰) and the 
Mackenzie and Yukon rivers (0.73 to 1.53‰). These shifts are broadly consistent with the 
variability in the composition of the source rocks being weathered.  
 
We reveal significant further variability in δ98/95Modiss of ~0.4‰ to 0.8‰, relative to river bed 
materials, that is associated with different extents of Mo removal from the dissolved phase. In all 
catchments, δ98/95Modiss values are higher than the corresponding river bed materials. The degree of 
bulk fractionation between the dissolved phase and river bed materials varies as a function of the 
fraction of Mo left in solution, which can be quantified using the ratio of Mo to Re in the dissolved 
load versus the river bed materials. The patterns in the data from New Zealand, Canada and Iceland 
are consistent with experimentally derived fractionation factors for Mo uptake to Fe-Mn 
(oxyhydr)oxide minerals. However, we are unable to completely rule out the potential role of 
organic matter in fractionating Mo isotopes. In the western Southern Alps, New Zealand, the 
δ98/95Mo river data are complemented by δ98/95Mo measurements for soil horizons, where deep 
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weathered colluvium, with low OC content, appears to be the corresponding Mo reservoir that is 
enriched in light isotopes. Extractions of isotopically light Mo from coatings on suspended load 
particles also support these observations. Together, the data demonstrate the importance of 
secondary weathering processes in removing Mo from solution in river catchments and playing a 
major role in setting the δ98/95Modiss composition. Changes in weathering regimes and weathering 
intensities in river catchments could therefore give rise to secular changes in δ98/95Modiss values that 
may influence the Mo isotope composition of lakes, coastal regions and potentially the Mo isotope 
composition of seawater. 
 
 
5.6 Supplementary Figures 
 
 
 
Supplementary Figure 5.1 Relationship between the Mo isotope composition of river bed materials and 
the isotope composition of the suspended river particulates for the western Southern Alps (WSA) and 
Canadian catchments. The line indicated is a 1:1 relationship between the two sediment types: the data 
have a close agreement to this line. The error bars are ±2 SD on the mean value of replicates from an 
analytical session. 
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Supplementary Figure 5.2 Concentrations of Mo in the river dissolved loads, suspended loads, soils 
and bed materials from river catchments sampled in New Zealand, Canada and Iceland. The dissolved 
Mo concentration in global rivers (Archer and Vance, 2008) and in the seawater (IAPSO) and basalt (BHVO-
1) standards are indicated for comparison. Errors are smaller than the symbol size. 
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Supplementary Figure 5.3 Relationship between Mo and organic carbon (OC) concentrations in soil 
material from the western Southern Alps. Surface soil litters are enriched in OC but all materials have 
similar Mo concentrations. The composition of the local river bed material at Docherty Creek is indicated. 
Long-term percentage error on duplicate analyses is smaller than symbol size. 
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Hooker glacier and river in the eastern Southern Alps, New Zealand; September 2014 
 
 
 
 
Summary: This chapter provides the reader with a summary of the work presented in 
earlier chapters and outlines the major implications of the study and areas for future work.  
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6.1 Overview 
The weathering and redox processes operating at Earth’s surface play an important role in setting 
the chemical composition of rivers, oceans and the atmosphere through geological time. The 
concentration and isotope composition of elements affected by redox reactions can help to 
constrain the magnitude and controls on weathering reactions, including those relevant to Earth’s 
geological carbon cycle and global climate change.  
 
In this study, the concentrations of the redox sensitive elements rhenium (Re) and molybdenum 
(Mo) and the isotope composition of Mo were investigated in detail amongst a range of geological 
materials in contrasting environments. River waters, river suspended and bedload sediments, and 
soil materials were collected in the mountainous catchments of the Southern Alps, New Zealand; 
the Mackenzie River Basin, northern Canada; and the Skaftá River in southern Iceland. The 
selected sites host contrasting bedrock lithology, experience different erosion rates and have 
variable extents of glacial and forest cover. Consequently, samples from these locations can 
provide new insight on what controls the mobility and isotope fractionation of elements in the 
Critical Zone.  
 
A major focus of this study was to investigate the rates and controls on the oxidative weathering of 
petrogenic organic carbon (OCpetro), which is a major source of carbon dioxide to the atmosphere 
over geological time. The samples collected offer a unique opportunity to achieve this aim, with 
the net carbon budget for river catchments in New Zealand and the Mackenzie River Basin being 
calculated as a result of this work. The samples also provide the first data to identify subtle 
fractionations in Mo isotopes during weathering and erosion in river catchments and linked these 
changes to the amount of Mo remaining in solution. Consequently, the cycling of Mo in terrestrial 
environments and the associated controls on the isotope composition of Mo in rivers and seawater 
through time may now be better understood. 
 
6.2 The principle conclusions 
The research of this thesis highlights and delivers four major conclusions with respect to our 
current understanding of oxidative weathering and the cycling of redox sensitive elements in 
Earth’s surface environments.  
 
6.2.1 The Re proxy for quantifying OCpetro oxidation 
We evaluated the potential for dissolved Re concentrations in river waters to be used as a proxy for 
tracing the oxidative weathering of OCpetro at the catchment scale. Previously, the Re proxy for 
tracking OCpetro oxidation has only been explored to a limited extent; for example in the river 
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catchments of Taiwan (Hilton et al., 2014), the Yamuna River system in the Himalaya (Dalai et al., 
2002), and in weathering studies of soils (Jaffe et al., 2002). Here, in the river catchments of the 
Mackenzie River Basin, Canada, and the Southern Alps, New Zealand, we combined estimates of 
dissolved Re flux with measurements of the [Re]/[OC] composition of the local bedrock to 
estimate CO2 emissions by OCpetro oxidation. The low level concentrations of dissolved Re in the 
river waters were reproducible down to the sub-pmol L
-1
 concentration range using an isotope 
dilution technique coupled with column chemistry to separate and concentrate dissolved Re. Our 
method for quantifying OCpetro oxidation accounted for the potential difference in the mobility of 
Re and CO2, the fraction of Re derived from non-OCpetro sources, and the presence of OCpetro in 
forms less susceptible to oxidation (i.e. graphite). Mixing models using dissolved [Re]/[Na] and 
[Re]/[SO4] ratios alongside compiled measurements from silicate, sulfide and OCpetro phases 
allowed the proportion of [Re]diss derived from OCpetro to be estimated. This was most relevant in 
the Mackenzie River Basin, where sulfide-rich rocks in the catchments have been highlighted to be 
significant in the weathering cycle (e.g. Calmels et al., 2007; Torres et al., 2014). Our data 
indicated that all of the major river channels studied had >85% of Re derived from OCpetro, 
validating the use of the Re proxy for interpreting OCpetro weathering fluxes.  
 
6.2.2 The net geological carbon budget of mountain river catchments 
The net geological carbon budget of several catchments in the Mackenzie River Basin and the 
western Southern Alps were calculated using our new constraints on OCpetro oxidation rates, 
together with published data on silicate and carbonate weathering and organic carbon burial rates. 
In the Southern Alps, the CO2 emissions from OCpetro oxidation were quantified as 14 
+9
/−5 tC km
-2
 
yr
-1
 for the catchments with limited glacial cover (Whataroa) and 30 
+20
/−11 tC km
-2
 yr
-1
 for a glacial 
catchment (Waiho). Consequently, the river catchments without valley glaciers have net carbon 
fluxes that are negative (net carbon sink of 25 tC km
-2
 yr
-1
 for the Whataroa catchment), whereas 
the two catchments with valley glaciers, the Fox and Waiho catchments, appear to operate as 
sources for atmospheric CO2 (net carbon source of 23 tC km
-2
 yr
-1
 for the Waiho catchment). In 
contrast, OCpetro oxidation rates in the Mackenzie River Basin for the Mackenzie, Peel, Arctic Red 
and Liard River catchments are an order of magnitude lower, at 0.38 
+0.10
/-0.09 tC km
-2
 yr
-1
, 0.79 
+0.23
/-0.19 tC km
-2
 yr
-1
, 0.66 
+0.19
/-0.16 tC km
-2
 yr
-1
 and 0.84 
+0.23
/-0.20 tC km
-2
 yr
-1
, respectively. Under 
the present climate conditions, the Mackenzie River catchment is a net sink for atmospheric CO2 of 
1.2 
+0.33
/–0.30 tC km
-2
 yr
-1
. 
 
6.2.3 The role of erosion and glaciation in setting the OCpetro oxidation rate 
Previous work has alluded to the potential link between OCpetro oxidative weathering fluxes and 
erosion rate (Hilton et al., 2014). Here, we find that the low CO2 emissions in the Mackenzie River 
Basin, relative to those in the western Southern Alps, are in line with the ten-fold lower rates of 
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erosion in this setting (Figure 4.7, Chapter 4). By combining our new Re data from the Southern 
Alps and the Mackenzie River Basin with data compiled from catchments around the World, we 
find that a global link exists between dissolved Re fluxes (after accounting for bedrock 
composition) and physical erosion rate, emphasising the importance of mineral supply for 
oxidative weathering fluxes (Figure 3.2, Chapter 3). 
 
Within the western Southern Alps, the role of glaciation is highlighted as a further key control on 
oxidative weathering fluxes. In this setting, lithology, precipitation and erosion rates are similar 
across the river catchments, but glacial coverage varies considerably, from 2–58%. We find that 
the catchments hosting valley glaciers (the Fox and Waiho), and even moderate amounts of 
headwater glaciation, have higher dissolved Re yields and implied higher rates of oxidative 
weathering for a given physical erosion rate, relative to non-glaciated catchments.  
 
To explain this observation, we propose that the following three mechanisms are important: i) the 
physical breakdown of rocks by abrasion and grinding processes driven by glacier movement, 
together with frost cracking and freeze/thaw cycles, generates an abundance of fine sediment with 
a high reactive surface area that is exposed for oxidation (Anderson, 2005; Hales and Roering, 
2009); ii) the reduced development of vegetation and soil in glaciated terrains lessens the demand 
for oxygen by heterotrophic respiration (Bardgett et al., 2007), so oxygen may penetrate deeper 
into exposed rock surfaces; and iii) the activity of microbes sub-glacially and in moraines may 
facilitate OCpetro oxidation (e.g. Tranter et al., 2002; Wadham et al., 2004). In mountain catchments 
around the world, dissolved Re yields are elevated in sites where glaciation is present (Figure 3.2, 
Chapter 3), implying a global link between mountain glaciation and enhanced emissions of 
atmospheric CO2 during weathering of OCpetro bearing rocks.  
 
6.2.4. Molybdenum isotopes as tracers of primary and secondary weathering 
Molybdenum isotopes are powerful tracers of the processes operating within Earth’s Critical Zone. 
Here, we demonstrate that river δ98Mo values are likely to reflect both the source material and the 
processing of Mo following its release during oxidative weathering. A heavy Mo isotope 
composition dissolved in rivers relative to river sediments is observed across all catchments in New 
Zealand, Canada and Iceland, which supports previous observations in global river settings (e.g. 
Archer and Vance, 2008). By providing paired dissolved and particulate Mo isotope measurements 
from multiple catchments, we are able to attribute this global trend to the fraction of Mo that 
remains in solution post-release during oxidative weathering. We find that weathering processes in 
soils can fractionate Mo isotopes, with the deepest soil horizons being enriched in isotopically light 
Mo relative to soil litters. Our soil data are consistent with an important role for (oxyhydr)oxides in 
sequestering light Mo and driving the fractionation (e.g. Barling and Anbar, 2004; Goldberg et al., 
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2009): the fractionation induced by the adsorption of Mo onto Mn and Fe (oxyhydr)oxide particles 
in experimental work is similar to the fractionation required to explain our field data; we also find 
that the (oxyhydr)oxides leached from river suspended sediments are isotopically light. Although 
we are unable to rule out a potential role of organic matter in the cycling and fractionation of Mo 
isotopes, we find little correspondence between the concentration of Mo and organic matter in 
different soil horizons, suggesting the two are not tightly coupled.  
 
The results of this work emphasise how a better understanding of the processes controlling the Mo 
isotope composition of river waters is central to our understanding of the variability in the Mo 
isotope composition of the oceans through geological time. For example, changes in weathering 
patterns will impact on the river δ98/95Mo composition and subsequently the δ98/95Mo value of 
seawater. Hence, our interpretations of the extent of ocean anoxia and euxinia are reliant on better 
constraints on the Mo composition of inputs to seawater and the factors that might cause them to 
change.  
 
6.3 Wider Implications of research 
This study illustrates how patterns in redox sensitive element chemistry may be tied to different 
rates of erosion, weathering and biological processing. The elements studied here, Re and Mo, 
offer insight into the mechanisms through which atmospheric gas concentrations, climatic 
conditions and the chemical composition of the ocean may be adjusted. It is hoped that this 
research will improve understanding of the carbon transfers taking place in geological history that 
are often neglected from carbon cycle models, while lending some insight into how climatic 
transitions into periods of glaciation on Earth may be buffered by weathering and understood 
through cycling of elements in Earth’s Critical Zone.  
 
The results from the western Southern Alps (Chapter 3) suggest that transitions to global glaciation 
may be stalled by weathering of organic carbon bearing rocks, because as glaciers begin to 
establish, the increased atmospheric CO2 generated through enhanced OCpetro oxidation could limit 
further ice growth. The decline in O2 concentrations over the Cenozoic (Stolper et al., 2017) 
(Figure 6.1A) may be linked to increases in the rate of OCpetro oxidation under an icehouse climate. 
Over the past 8 Ma, under this cooling climate, there is evidence for worldwide acceleration of 
mountain erosion (Figure 6.1B) (Herman et al., 2013). These findings tie in with our observations 
that increased oxidative weathering at high physical erosion rates will drive enhanced O2 
consumption and CO2 release as carbon is transferred between the atmosphere and lithospheric 
storage over geological timescales (10
4–106 years). Based on a modelling analysis, the atmospheric 
oxygen reservoir of the Cenozoic is sufficiently large to accommodate changes in sulfide oxidation 
(Torres et al., 2014), without changing atmospheric O2 concentrations outside of known bounds. 
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However, this model does not fully capture the actual expected changes in atmospheric O2; this O2 
budget also depends on fluxes in the organic carbon cycle and the average oxidation state of this 
carbon, which are variable (LaRowe and Van Cappellen, 2011) and poorly constrained (Torres et 
al., 2017). Coal weathering experiments imply that the O2 consumption rate during OCpetro 
oxidation is two to three orders of magnitude lower than for pyrite oxidation in water (Chang and 
Berner, 1999). Therefore, we might expect the flux of oxygen consumed by weathering OCpetro 
over the Cenozoic to be set by the organic matter content at depth and the erosion rate rather than 
the atmospheric oxygen concentration (Bolton et al., 2006). However, a better understanding of the 
patterns in atmospheric oxygen concentrations and an appreciation of the mass of carbon that is 
being weathered at the global scale are required.  
 
 
Figure 6.1 Patterns in atmospheric gas concentrations and erosion over the past 8 Ma. A. Decline in 
atmospheric oxygen as recorded by gases trapped in ice core records (Stolper et al., 2016). Different ice core 
records are marked by different colours. B. Rise in erosion rates over the same time period (Herman et al., 
2013). The median (black line) and standard deviation (grey area) were estimated from the distributions of 
erosion rates over each 2 Myr time interval: 18,000 bedrock thermochronometric ages from around the world 
together with a formal inversion procedure were used to estimate temporal and spatial variations (Herman et 
al., 2013). The blue line depicts a raw δ18O data compilation over the same time interval, which serves as a 
proxy for global climate fluctuations (Zachos et al., 2001) and the red line corresponds to the moving average 
for this data. VPDB is the Vienna Pee-Dee belemnite standard. 
 
 
The relationship between OCpetro oxidation and glaciation has the potential to be explored using 
numerical models to understand the behaviour of other weathering reactions under different climate 
regimes. In fact, a recent study by Torres et al. (2017) suggests glaciation may also be an important 
mechanism for enhancing sulfide oxidation rates and carbonate weathering by sulfuric acid. This 
additional CO2 release from the oxidative weathering of sedimentary rocks (Calmels et al., 2007) 
would seem to act in tandem with OCpetro oxidation (Horan et al., 2017). Over the last 800 ka, data 
on CO2 minima and δD, which is a proxy for Antarctic atmospheric temperature, are similar 
(Galbraith and Eggleston, 2017). Consequently, it has been suggested that the coldest, lowest CO2 
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states are fixed because of one or more stabilizing feedbacks that resisted further cooling, on a 
timescale of <10 kyr. Our observations suggest that the oxidative weathering of OCpetro may be a 
plausible mechanism by which glaciation might be self-limiting, particularly if it acts alongside 
sulfide oxidation to drive a negative feedback. Figure 6.2 illustrates that the response of the OCpetro 
weathering reaction to changing climate conditions may offer a previously unrecognised buffering 
mechanism that will operate over the required timescales and explain the behaviour of the climate 
system. 
 
 
Figure 6.2 Glacially mediated chemical weathering rates drive carbon cycling and climate change on 
glacial–interglacial to geological timescales. In times of cooling, increased glaciation shifts the balance of 
the global carbon cycle by increasing CO2 emissions to the atmosphere–ocean system, potentially limiting 
the progress of glaciation through greenhouse gas warming. As the planet warms, the extent of glaciation 
diminishes and CO2 emissions fall.  
 
The observation of persistent cooling over the Cenozoic would appear to conflict with the buffering 
mechanism proposed (Figure 6.2). However, atmospheric carbon dioxide concentrations have 
remained considerably above 190 µg g
-1
 for most of the Cenozoic (e.g. Anagnostou et al., 2016; 
Zachos et al., 2008). The effectiveness of this feedback loop may therefore be most apparent once 
CO2 levels of ~190 µg g
-1
 are approached, and provide an explanation for the apparent cap of CO2 
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minima at this value (Galbraith and Eggelston, 2017). Under cooling climate conditions, the 
development of glaciers in sub-tropical mountainous regions should enhance both erosion (Herman 
et al., 2013) and the OCpetro oxidation rate. Thus, from the mid-Oligocene onwards and particularly 
towards Plio-Pleistocene time when atmospheric CO2 levels of ~190 µg g
-1
 were reached (e.g. 
Zachos et al., 2008), the importance of this weathering process should have increased.  
 
In addition to OCpetro oxidation, there have been four other temperature dependent negative 
feedback mechanisms, outlined in Galbraith and Eggleston (2017), that have been proposed to 
explain the apparent limit to global cooling and CO2 minima. The first relates to the freezing point 
of seawater, which would prevent waters feeding the deep ocean from being cooled below -2ºC 
(Adkins, 2002). Second, the CO2 impact on temperature may be reduced in the cold state. Third, 
there could be a physical mechanism that prevents further lowering of CO2 as the Earth becomes 
cold, such as a limit to the extent of sea ice in the Southern Ocean, which could influence ocean 
circulation (Ferrari et al., 2014) and regulate outgassing (Brovkin et al., 2012; Gildor et al., 2002; 
Stephens and Keeling, 2000). Fourth, there may be a mechanism acting to increase the ocean-
atmosphere C inventory or shift C from the ocean to the atmosphere, in response to falling CO2. 
Silicate weathering rates are thought to decrease as terrestrial temperatures and precipitation 
decrease, which would lead to an increase in the carbon inventory, stabilizing atmospheric CO2 
over >10
5
 yr timescales. Alternatively, the dependence of photosynthetic organisms on CO2 may be 
important because photosynthesis rates decrease under cooling climates, slowing the accumulation 
of carbon in vegetation, soils, and the ocean, and potentially providing a stabilizing feedback via an 
increase in the ocean atmosphere carbon pool.  
 
These mechanisms may have acted alongside OCpetro oxidation to varying extents to buffer against 
extreme CO2 minima. However, their effectiveness as isolated feedback processes appears 
problematic for the following reasons. With regards to the first mechanism, it has been noted that 
the temperature of the deep ocean has little effect on the global atmosphere and no such cooling 
limit has been highlighted by climate models (Galbraith and Eggleston, 2017). Consequently, any 
effect of an oceanic temperature limit on atmospheric temperature may take considerable time to 
play out in via the atmospheric C cycle. The second mechanism also seems unlikely given that 
current climate models show an increasing sensitivity to radiative forcing as climate cools (e.g. 
Manabe and Bryan, 1985). With regards to mechanism three, if this temperature-sensitive feedback 
only acts on the air-sea partitioning of CO2, it would not have been sensitive to changes in the 
combined air–sea–carbon inventory (Galbraith and Eggleston, 2017). Explaining the CO2 minima 
may require changes in C budgets to be considered, which may be facilitated by changes in sea ice 
coverage but unlikely to be driven by it. Also, this mechanism might be expected to have prevented 
the ‘snowball’ Earth episodes in the Neoproterozoic (Galbraith and Eggleston, 2017), but this did 
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not happen. In contrast, OCpetro oxidation would not be expected to have been as highly prevalent in 
the Neoproterozoic, despite widespread glaciation, due to the lower levels of atmospheric oxygen 
(Lyons et al., 2014) and the lower burial of organic carbon in the early Earth (Bjerrum and 
Canfield, 2004). In the Neoproterozoic, some intervals of high δ13C punctuated by abrupt swings to 
low d
13
C are thought to reflect intense oxidative weathering of organic matter in rocks as the result 
of the initial establishment of an oxygen-rich atmosphere (Kump et al., 2011). Nevertheless, the 
global extent of OCpetro oxidation would perhaps have been incapable of circumventing snowball 
Earth episodes at this time and this does not undermine the likely importance of OCpetro oxidation 
in buffering against CO2 minima later on in Earth’s history, such as during the late Cenozoic. 
Lastly, in regard to the fourth mechanism, the reaction time of silicate weathering may be too slow 
to provide a strong control on the <10
4
 yr timescale of glacial CO2 minima (Torres et al., 2017) and 
the reduced activity of photosynthetic organisms would not provide a mechanism to circumvent the 
low CO2 state. In this study, however, we highlight the important role that the weathering of rocks 
plays in not only the sequestration of C but also in its release to the atmosphere–carbon inventory.  
 
Although the drawdown of CO2 by silicate weathering would act to oppose this negative feedback, 
silicate weathering alone is unlikely to compete with the rates of CO2 production. In contrast to 
silicate weathering, it is possible that the more rapid reaction kinetics of OCpetro oxidation will lead 
to more immediate effects on the atmospheric CO2 reservoir. The weathering of carbon-bearing 
rocks and sulfide minerals occurs at a faster rate than the weathering of silicate minerals (Chang 
and Berner, 1999) and the microbial facilitation of these reactions in sub-glacial environments (e.g. 
Telling et al., 2015; Tranter et al., 2002) causes them to be elevated, even at the low temperatures 
that may inhibit silicate weathering (Anderson, 2005). These reactions are also sensitive to climate 
(Chapter 3–4, Horan et al., 2017; Torres et al., 2017) and oxidative weathering reactions are 
capable of linking the observations in atmospheric gas concentrations to the temperature and 
climate state experienced at Earth’s surface. As temperatures drop and mountain glaciation 
increases, rates of oxidative weathering should also increase globally; providing the required 
resistance, via increased CO2 emissions, to any further cooling (Figure 6.2). Given the observed 
imbalance in the study catchments C budgets of up to ~ 10s of Mt C yr
-1
 (Chapters 3 & 4) it is 
likely that these effects will play out over millions of years. To better appreciate the timescales 
involved a C cycle modelling approach would probably be required. 
 
Additional weathering of glacially derived silicate material during fluvial transport could shift the 
overall weathering balance toward CO2 consumption (Torres et al., 2017). However, in reality, 
significant amounts of glacial debris are deposited without such reworking, so additional 
weathering of glacial detritus would not necessarily negate enhanced weathering of OCpetro (or 
sulfide oxidation: Torres et al., 2017). Consequently, previous speculation that glaciation may be 
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promoted through silicate weathering seems unlikely (Foster and Vance, 2006; Sharp et al., 1995). 
Earlier in Earth’s history, when atmospheric O2 concentrations were low, for example in the 
Archaean and Palaeoproterozoic (Lyons et al., 2014), glacially driven CO2 release by oxidative 
weathering may have been less active. In this instance, the effectiveness of an oxidative weathering 
feedback may have been reduced and the carbon fluxes associated with silicate weathering may 
have been relatively more important and glaciations more globally pervasive (Torres et al., 2017). 
 
Dynamic fluctuations in surface oxygenation are also likely to influence the extent of oxidative 
weathering of Mo from rocks and the subsequent isotope fractionation of Mo in river catchments. 
A greater magnitude of Mo isotope fractionation has been tied to the adsorption of Mo to Mn 
oxides during transient episodes of O2 production (Algeo and Scheckler, 1998; Planavsky et al., 
2014). Such behaviour would drive the δ98/95Mo composition of continental rivers to heavier values 
and would affect our interpretations of the evolution of seawater composition and the degree of 
anoxia or euxinia in the local depositional environment. For example, using mass balance 
calculations, Duan et al. (2010) showed that in a largely anoxic world, the δ98/95Mo of a small 
seawater Mo reservoir is susceptible to significant modification by isotope fractionation, thus 
enabling high seawater δ98/95Mo to occur without extensive oxygenation. Further work to elucidate 
the role of climate and atmospheric gas concentrations on Mo isotope behaviour would be 
beneficial. 
 
6.4 Potential research opportunities 
The main opportunities for future research may lie within the following areas: 
1. An assessment of the amount of Re that is oxidised during transit in rivers. In the steep mountain 
catchments of New Zealand, the opportunity for oxidation of Re in solid materials is thought to be 
limited to hillslopes and most Re contained within river sediments should be exported offshore, 
escaping oxidation. In addition, we found no evidence for weathering in the suspended particulates 
of the Mackenzie River, despite the longer routing system. However, it would be important to 
evaluate the proportion of Re transported in the dissolved load versus the solid products of erosion 
as a function of the starting composition of the rock in larger river systems, such as the Ganges or 
the Amazon, where losses of OCpetro from the solid phase have been observed (Bouchez et al., 
2010; Galy et al., 2008). It may also be beneficial to study the sediments deposited on river banks 
and floodplains to examine potential loci for oxidative weathering over different timescales. 
 
2. We lack a conclusive explanation for the relative roles of physical and biogeochemical 
mechanisms underpinning enhanced oxidative weathering in glaciated mountain catchments 
(Chapter 3). Further work, examining the nature of the sediment in glacial catchments, for example 
grain surface area and shape, the nature of microbial activity and measurements on oxygen 
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availability with depth in weathering profiles across different catchments may help to support the 
idea that physical abrasion together with a lower heterotrophic demand for oxygen and microbial 
activity are facilitating faster rates of OCpetro oxidation in glaciated sites. More generally, the role of 
microbial communities in the breakdown of organic matter in rocks is also not clear, but it is 
possible that in glacial environments, in particular, such biological activity is driving enhanced 
rates of oxidation (Bottrell and Tranter, 2002; Tranter et al., 2002). At present, experiments have 
focussed on constraining abiotic reactions. However, assimilation into a live microbial biomass 
may initiate the weathering of rock organic carbon prior to CO2 release (e.g. Telling et al., 2015). 
These biological processes may be mediated by external pH and temperature, but the extent to 
which this may be the case is not clear.  
 
3. It would be interesting to explore patterns of oxidative weathering in glaciated terrains that are 
not confined to mountain belts to see whether glaciation can enhance weathering at sites where 
erosion rates are lower and temperatures less favourable to weathering kinetics. It would also be 
informative to compare rates of oxidative weathering in these systems over time, perhaps assessing 
the weathering rates in exposed moraines and sediments deposited close to or underneath an 
actively retreating glacier. High present-day sediment fluxes from glaciated catchments (Herman et 
al., 2013; Koppes and Montgomery, 2009) and the oscillations in the osmium isotope composition 
of seawater over Quaternary glacial–interglacial cycles (Georg et al., 2013) support a causative 
rather than coincidental relationship between glaciers, erosion, and oxidative weathering fluxes 
(Torres et al., 2017). However, it remains unclear whether this is a transient effect of deglaciation 
or a long-term sustained increase in erosion and oxidation. It would also be interesting to explore 
the relative proportion of water added to the rivers that has percolated through debris on the valley 
sides, sub-glacially and from moraine seeps. This would allow for a better appreciation of where 
weathering is localised within the glaciated river catchments and whether the exposure of material 
in moraines during glacial retreat is likely to be significant for further accelerating the OCpetro 
oxidation rate.  
 
4. Whether ReO4
-
 and CO2 are released stoichiometrically during weathering of OCpetro is a key 
outstanding question, which would much improve our understanding of the Re proxy. The degree 
of decoupling between Re and C, perhaps due to differences in mobility upon oxidation, and the 
potential controls on this decoupling, such as erosion rate, are unclear. It may helpful to better 
resolve this term in the OCpetro weathering flux calculations in order to accurately translate Re 
budgets into CO2 emissions. One method to achieve this may be to conduct experiments to directly 
trap CO2 gas generated during oxidation (Keller and Bacon, 1998), in the field or in the laboratory. 
Carbon isotopes (
14
C, 
13
C, 
12
C) in trapped CO2 and biomarkers may also help to track organic 
matter evolution in the solid residue. The CO2 fluxes quantified by these approaches could then be 
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compared with Re-derived estimates of OCpetro oxidation based on dissolved load fluxes in a given 
river catchment.  
 
5. Further data are required to constrain the composition of mineral phases that deliver Re and Mo 
to the dissolved load. In particular, we are currently limited to a small selection of data on coal 
units to estimate the composition of the OCpetro endmember. Although dissolved Re appears to be 
almost entirely derived from OCpetro oxidation, even with ~10% deviations in the endmember 
positions, more detailed studies on the element composition of the endmembers could increase 
confidence in our estimates of dissolved river Re derived from OCpetro. In addition, Re isotopes 
could offer more insight on Re source (Miller et al., 2015). 
 
6. Alongside Re, other redox sensitive platinum group elements could be explored as 
complementary tools to understand oxidative weathering reactions and to add strength to the value 
of the Re proxy. Re isotopes may also lend insight into the weathering reactions involved. 
Applying a variety of high-resolution multi-proxy techniques to assess patterns of geochemical 
cycling and environmental change in under-sampled areas would be particularly beneficial, for 
example in polar glaciated terrains.  
 
7. Better understanding the isotope fractionation that exists between rivers (mean δ98Mo = ~0.45‰; 
Archer and Vance, 2008) and the eroding upper crust (~0.0 to 0.15‰; e.g. Liang et al., 2017) 
remains a key research priority. The potential for greater Mo fractionation in glaciated catchments, 
relative to catchments with little or no glaciation, is not entirely clear from the available data in the 
western Southern Alps. Patterns in Mo sequestration in glacial catchments could be investigated 
further by sequentially extracting Mo from the weathering products. It would also be interesting to 
investigate whether Mo isotope fractionation occurs on or under the glaciers. The potential 
influence of oxygen availability and biological cover on Mo release or retention could also be 
studied further. 
 
8. The behaviour of Mo in large river systems, where erosion rates are low and the degree of 
weathering at deeper soil horizons potentially large, relative to mountain belts, is unknown. It may 
be possible that the amount of Mo remaining dissolved in river waters could help to quantify the 
rate of secondary weathering. However, more data are required, particularly in sites where 
secondary weathering products are well developed as coatings on particles. This could be 
informative for understanding the longer-term controls on river δ98/95Mo. The Mo isotope 
composition of river water plays a central role in setting the isotope composition of the oceans; 
therefore this would also be relevant for improving the characterisation of the Mo inputs to models 
of ocean δ98/95Mo through time. Future developments in Re isotopes, alongside Mo isotopes, may 
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lend further insight into the rates of secondary weathering in soils, on river sediments, or during 
biological processing within catchments, particularly over different climate states.  
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